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ABSTRACT 
Viruses are becoming increasingly recognized as major causes of foodbome diseases. 
While adequate cooking is a time-tested method of inactivating viral contaminants, the 
numerous outbreaks of viral foodbome disease indicate that either thorough cooking does not 
occur or that the foods are contaminated aiter cooking. These studies investigated other 
methods of inactivating viral contaminants in ground pork and pork products. 
Storage conditions can be used to decrease viral numbers in pork, but the time needed 
makes this impractical. At refrigerator (4° C) temperatures, most viruses tested lasted long 
after the product would be considered spoiled. At home freezer (-20° C) temperatures, many 
viruses were extremely hardy. Hepatitis A vims survived for one year in the freezer with little 
loss in titer. Even for those that were inactivated by freezer storage, the time needed for total 
elimination rendered this method impractical. 
Viral contaminants in foods can be eliminated by irradiation. However, vimses are 
substantially smaller targets than bacteria, so a correspondingly larger dosage is needed for 
inactivation. Currently approved dosages will lower viral numbers but will not inactivate all of 
the vimses present in foods, unless the viral numbers are quite low. 
Processing has been shown to adequately inactivate even the most durable of vimses. 
However, if products are contaminated with vimses after processing, this study indicates that 
the changes that processing induce in the products will not be efifective in inactivating the 
vimses. This becomes an important control point especially for those products which are 
meant to be eaten with no fiirther cooking or processing. 
1 
INTRODUCTION 
Example of the Problem 
The Minnesota Department of Health was notified on August 23, 1982, of four 
gatherings that had &q)erienced gastrointestinal illness among their attendees (Kuritsky et al., 
1984). The events were a wedding reception on August 21, a company picnic and a wedding 
reception on August 22, and a graduation party on August 23. Members of the Health 
Department were able to contact 248 of the 377 party attendees. Fifty-two per cent of those 
contacted reported having gastrointestinal symptoms. Signs and symptoms reported were 
diarrhea (92% of those ill), nausea (88%), abdominal cramps (67%), vomiting (66%), and 
muscle aches (56%). The onset of signs and symptoms was rather rapid, with a mean 
incubation time of 36 hours. In surveying for the foods eaten, the only food common to all 
four outbreaks was cake. Interestingly, all the cakes came from the same bakery. 
At the bakery, ten of twenty-nine employees also reported having similar signs and 
symptoms between August 20 and 25. The first employee to have symptoms reported that he 
had been struck with vomiting and diarrhea on the way to work on the twentieth. Once at 
work, he had had at least five episodes of diarrhea and two of vomiting during that shift. He 
also reported having three children at home with similar symptoms that started one to three 
days before his illness. During the shift in which he was ill, he prepared 76 liters of butter 
cream frosting. While frosting is mixed mechanically, it is traditional for the baker to work 
the mix with his hands to break up lumps. Members of the Health Department observed one 
individual immersing his arms up to the elbows in the frosting to do this. This batch of 
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frosting was used on the cakes for the four parties and also on items sold to the public. It was 
estimated that ten thousand items could be frosted from a batch of that size. 
In the laboratory, forty-two fecal specimens, thirty-three from ill patients and nine 
from healthy controls, were cultured for bacterial pathogens. No Salmonella, Shigella, or 
Campylobacter were found. Clostridium perfiingens was cultured from two healthy and one 
ill person. Thirty stool samples from ill persons were examined by electron microscopy. Two 
of these showed small, round, 27 nm. viruses that are typical of viruses known as Norwalk 
and Norwalk-like viruses. Serologic tests were done on acute and convalescent samples from 
twenty-five ill people. Seventeen, including the primary case, had a four-fold or greater titer 
rise to Norwalk virus, indicating a recent infection. In contrast, only one of thirteen healthy 
controls showed a similar titer rise. 
Of the 10,000 original frosted items, it was estimated that 75% were eaten. The 
investigators assumed that each of the persons who became clinically ill ate one and one-half 
items. Coupled with the attack rate, this resulted in an estimate of at least 3,000 cases as the 
result of one infected food handler. 
This example is somewhat unusual in the thorough evaluation of the disease outbreak 
and in the large number of people infected. As will be discussed below, this episode is 
relatively typical of a foodbome viral outbreak in many other aspects. Viral foodbome 
infections occur commonly, leading to the search for methods to decrease the risks involved. 
My research involves studying the effects of storage conditions, irradiation, and processing 
methods on the survival of various viruses that were inoculated onto food. Ground pork or 
pork products were used as the food models. 
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Research Questions 
Viral foodbome diseases are increasingly being recognized as problems in this country 
and world-wide. While good sanitation and thorough cooking will prevent most disease 
outbreaks, the prevalence of these diseases has indicated that either these precautions are not 
being followed or that other interventions are needed. 
The present studies were designed to answer questions about the effects of storage 
conditions, irradiation, and processing on viral survival in ground pork or pork products. The 
questions to be answered are as follows. 
1. Storage of diagnostic samples at home freezer temperatures (-20° C) has been 
found to be the worst possible condition for virus survival and later isolation, due to ice 
crystal formation which will disrupt viral structure. Is there a time and temperature storage 
combination that can feasibly inactivate viral contaminants in pork? 
2. Irradiation has been shown to eliminate bacterial as well as some viral 
contaminants from foods; however, viral inactivation studies have been very limited. What are 
the dosages needed to inactivate selected viruses from the groimd pork? Are currently 
allowed dosages of irradiation for bacterial contaminates going to be adequate for any or all 
viruses which may cause human disease? 
3. Processing will eliminate some viral and bacterial contaminants from meat 
products. Will changes produced by processing of pork products also have continuing activity 
to inactivate viral contaminants that occur after processing? 
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LITERATURE REVIEW 
Viral Foodborae Disease 
Foodbome illness has been recognized and recorded for thousands of years. For 
example, the Old Testament dietary restrictions for meat and milk were an attempt at sanitary 
regulations. Despite the progress made since then, foodbome disease is still very much 
present. It has been estimated that, in the United States, between 6.5 million and 81 million 
cases of foodbome disease due to all causes (bacterial, viral, flmgal, and toxic) occur every 
year. It was also estimated that between 525 and 9,000 deaths and between $8 billion and 
$23 billion in monetary costs occur each year (Archer and Kvenberg, 1985; Bennett, et al., 
1987; Garthright, et al., 1988; Todd, 1989). 
It was not until the present century, however, that viruses were recognized as a 
separate set of disease-causing organisms. The first case of human foodbome viral disease 
that was recorded in the English literature appears to have been published slightly over 80 
years ago (Jubb, 1915). This was a report of an outbreak of poliomyelitis that was linked to 
the consumption of unpasteurized milk. In the United States, hepatitis A vims is now listed as 
the fourth and the Norwalk-like viruses as the ninth leading causes of foodbome disease OBean 
et al., 1996). The preceding estimates are based on nimibers of diagnosed cases times the 
estimate for percent that each microorganism is diagnosed out of all cases. \%uses tend to be 
much more di£5cult to diagnose than bacteria (Cliver, 1995). Hedberg and Osterholm (1993), 
using bacterial culture and clinical diagnoses, estimated that the nimiber of outbreaks of 
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foodbome disease caused by the Norwalk-like viruses alone exceeded those due to 
Salmonella, Shigella, and Campylobacter. 
Viral backgroand 
With the possible exception of prions, which are still somewhat controversial, viruses 
are the simplest infectious agents known. They are essentially specific genetic material 
surrounded by a protein shell. Some ^milies of viruses have an additional lipid bilayer 
envelope. The genetic material may be either DNA or RNA, but never both; it may be single-
stranded or double-stranded. The genome may be composed of one strand of nucleic acid or 
it may be a series of genome segments. 
The protein shell, or capsid, protects the nucleic acid from degradation. There are two 
major configurations that the capsid may take: icosahedral or helical. Icosahedral, or 
isometric or sometimes simply called "round", capsids are composed of triangular-appearing 
capsomeres, giving the assembled capsid the appearance of a geodesic sphere. The nucleic 
acid is contained within this sphere. In contrast, helical capsids show close association of the 
individual capsomeres and the nucleic acid, with the complex coiled into a helix with the 
nucleic acid inside. Envelopes may be closely or loosely attached to the capsids. 
Viruses contain no mitochondria, ribosomes, or other organelles. Because of this, th^ 
are obligate intracellular parasites, needing the cell to provide organelles, nutrients, and 
sometimes enzymes in order to replicate. By some definitions, a virion outside of a cell may 
not be considered "alive". This point is stressed, since viruses can not multiply in or on cell-
fi'ee media or dead cells, which is essentially what most foods are. 
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Sources of viral food contaminants 
Nearly all viruses that cause foodbome human disease in the United States are of 
himian origin (Cliver, 1995; Hedberg and Osterholm, 1993), since these viruses are quite host 
species specific. Even in a viral genus that causes gastroenteritis in both non-human animals 
and humans, it is nearly always found that human isolates will infect only humans and non-
human isolates will infect only their species of origin. Rotaviruses appear, rarely, to be an 
exception to this rule. More discussion of rotaviruses and other zoonotic viruses appears 
below. 
While viruses may occasionally be shed in vomitus (^pleton et al., 198S; Greenberg 
et al., 1979), the vast majority of diseases caused by foodbome viruses are of fecal origin 
(Cliver, 1994a). Infection of a susceptible host is by the oral route (Cliver, 1994a), so that 
any person infected with one of these diseases can be said to have ingested intestinal content 
or feces. Direct hand-to-mouth contact is still probably the most common route of 
transmission (Cliver, 1994a), despite the emphasis on hand washing in the United States. 
Food is usually contaminated by an infected handler (Cliver, 1995), although contaminated 
water, fomites, and flies may occasionally be responsible for transmission. Water may be 
contaminated by sewage through back-siphoning or plumbing flaws. Sewage is more 
commonly associated with disease transmitted by bivalve mollusks, which concentrate viruses 
&oni contaminated water. Mollusks are often consumed undercooked or raw, leading to risk 
of transmission. Other foods implicated in disease transmission are usually those that are 
eaten uncooked or that are contaminated after cooking (Cliver, 1995). 
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Disease caused by foodborne viruses 
Enteric viruses most commonly cause gastroenteritis. Clinical signs and symptoms 
include vomiting, watery diardiea, and sometimes a low-grade fever (Spiro, 1993a). The 
most commonly seen intestinal lesions are mild villus blunting. This results in impaired 
absorption of sodium and chloride and in lactase deficiency, giving rise to osmotic diarrhea 
(Spiro, 1993a). 
The description above of gastroenteritis may not apply to the human parvoviruses. In 
dogs and cats, parvoviruses attack the crypt cells, resulting in more extensive intestinal 
epithelial damage. No description of the effects of this viral infection in humans was found. 
In adults, the gastroenteritis is characteristically self-limiting; the infection is controlled 
by the response of the immune system and rapid production of enterocytes in the crypts leads 
to repair. Dehydration can be a serious concern in young children. In immunocompromised 
patients, the infection may become chronic. Diseases other than gastroenteritis will be 
discussed with the individual viral &milies. 
Classification of enteric viruses 
The initial method for diagnosis of viral enteric diseases was primarily by electron 
microscopy or immunoelectron microscopy. Because of this, some terminology and family 
names relate to viral appearance in an electron micrograph. There were three main groups of 
viruses that were first described in this way: small, round, non-structured or featureless 
viruses, about 30 nm in diameter, with few distinguishing characteristics; snoall, round 
structured viruses (SR5V), also about 30 nm in diameter, with various distinct morphologic 
features on the viral capsid; and the others, which did not fit into the first two categories 
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(i^pleton et al., 1988). Today, the non-structured group has been redefined as composed 
members of the ^ mily Parvoviridae and &mily Picomaviridae, genus Enterovirus. The 
structured group has been divided into four ^milies: &niily Caliciviridae, in which the capsid 
is composed of cup-shaped sur&ces or calyces; family Astroviridae, in which the capsid 
appears to bear a star, Norwalk virus, which visually is different from the preceding families 
and is differentiated antigenically; and the '*Norwalk-Iike" viruses. The "other" group consists 
mainly of two families: family Reoviridae, genera Rotavirus and Reovirus. Members of 
Reoviridae are round, about 75 to 80 nm in diameter, and have a double capsid shell; and 
family Adenoviridae, which are round with a spike at each capsid vertex and about 65 to 80 
nm in diameter. Some uncommon, miscellaneous viral groups also cause gastroenteritis and 
will be discussed later. 
All of the above viruses have been associated with human enteric disease. However, 
the phrase "associated with" implies that proof may be lacking. Since it is ethically rather 
questionable to expose people to a given virus experimentally, Koch's postulates have not 
been fulfilled for some viruses. Those that have been shown to cause human illnesses are 
Norwalk and the "Norwalk-Iike" viruses, hepatitis A and E viruses, enteroviruses, rotaviruses, 
enteric adenoviruses, astroviruses, and coronavinises. Those that have only been associated 
with illness include reoviruses, parvoviruses, and some other miscellaneous viruses. 
Viruses involved in foodbome disease 
Of those viruses that have been shown to be foodbome, hepatitis A virus and the 
Norwalk group of viruses are by far the most common (Cliver, 1997). Others known to be 
foodbome are the enteroviruses, calidviruses, coronavirus, astrovimses, parvovimses, and 
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rotavinises. Those associated with foodbome transmission are the adenoviruses and hepatitis 
E virus. Some viruses, such as rotavirus and hepatitis E virus, are much more likely to be 
transmitted through contaminated water than through foods (Aggarwal and Naik, 1994; Sattar 
et al., 1994). 
Enteroviruses 
Genus Enterovirus is a large and relatively diverse group whose members may be 
differentiated serologically. It includes the polioviruses (three serotypes), the enteroviruses (5 
serotypes: numbers 68-72), the Coxsackieviruses (23 A and 6 B serotypes), and the 
echoviruses (31 serotypes). Hepatitis A virus was previously classified as enterovirus 72, but 
is now placed in a separate genus and will be discussed separately. Viruses of the genus 
Enterovirus are primarily spread fecal-orally through contact, food, and sewage contamination 
of food or water (Melnick, 1990). Some serotypes can be transmitted by respiratory aerosol 
(Couch et al., 1970), and some have been shown to be carried mechanically to foods by flies 
(Melnick and Dow, 1953). Many infections are asymptomatic (Mehiick, 1990), but those 
serotypes that cause poliomyelitis and viral or "aseptic" meningitis are still of concern. Other 
serotypes may cause myocarditis, hand-foot-and-mouth disease, or respiratory infections. It 
has been suspected that a mild infection by one or more serotypes may be the triggering event 
in the development of type I, or juvenile-onset, diabetes mellitus (Notions, 1977). 
Hepatitis A virus 
Hepatitis A virus (HAV), while originally classified as enterovirus 72, has recently 
been placed in a separate genus in family Picomaviridae. This is because its nucleotide and 
amino acid sequences are more similar to those of encephalomyocarditis (EMC) virus than to 
10 
those of enteroviruses(Cohen et al., 1987, Paul et al., 1987); the virus is difficult to propagate 
in cell culture, and it does not produce consistent cytopathic effects (Siegl, 1988); it is more 
resistant to inactivation than other picomaviruses (Parry and Mortimer, 1984; Si^ et al., 
1984); and it appears to have only one serotype (Siegl, 1988; Zahn et al., 1984). It was 
recommended that the new genus be called Hepatcmms (Minor, 1991), containing only HAV. 
This recommendation was confirmed by Minor et al., in 1995. 
Transmission of hepatitis A virus is primarily by contact Foodbome and waterbome 
transmissions are estimated to account for only 1 to 5% of reported cases (Shapiro et al., 
1991). As with the enteroviruses, transmission is ahnost ecclusively fecal/oral. The 
incubation period for the disease is 14 to 42 days, with an average of 28 days (Cromeans et 
al., 1994). Virus is shed for up to one week before to two weeks after onset of clinical 
disease. Both these factors make public health traceback and control of outbreaks difficult, 
since most people don't remember what or where they ate a month or more ago, and since 
shedding can occur before illness. An additional complicating &ctor is that a number of 
hepatitis A virus infections, especially in children, can be subclinical, but viral shedding can 
still occur (Hadler and McFariand, 1986). HoUinger and Ticehurst (1990) stated that 
subclinical disease occurred in children 90 to 95% of the time, while in adults subclinical 
disease happened 25 to 50% of the time. 
Jaundice, or icterus, is the most common clinical sign associated with clinical hepatitis 
A. However, anicteric but active disease state may also be seen. Other signs and symptoms 
include fever, anorexia, nausea, vomiting, and myalgja (HoUinger and Ticehurst, 1990). 
Diarrhea is rare, except in children (Ward et al., 1958). Laboratory evaluation will show 
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elevations in serum bilirubin and the liver enzymes ALT (or SGPT) and AST (or SGOT). 
Death occurs in only 0.1% of infections (Hollinger and Ticehurst, 1990), and there is no 
persistent viral infection or further chronic liver damage in convalescent patients. 
Hepatitis A virus (HAV) has earned the reputation of being much more durable than 
other picomaviruses. It will resist inactivation at 60° C for one hour (Parry and Mortimer, 
1984) and will retain some infectivity for 10 to 12 hours at that temperature (Siegl et al., 
1984). For comparison, other picomaviruses have been inactivated at 56° C under similar 
conditions. This has a direct bearing on inactivation by cooking. Shellfish, which are often 
consumed only partially cooked, are the most frequent vehicular source of HAV infection 
(Cliver, 1985). It should be pointed out that shellfish also concentrate viruses fi'om 
contaminated water, so that initial titers may be higher also. 
In the environment, HAV has been shown to remain infective in dried feces held at 25° 
C (room temperature) for one month (McCaustland et al., 1982). Deng and Cliver (1995) 
showed that, in aqueous solution, HAV was more rapidly inactivated in human and non-
human wastes than in buffered saline, apparently due to microbial activity in the wastes. 
However, D values at 22° C (days needed to inactivate 90% of the virus titer) for the wastes 
ranged from 17.1 to 35.1, showing that one-halfto one month of storage was needed to 
inactivate each logio of virus. Hepatitis A virus is also more resistant to chlorine disinfectants 
than are other picomaviruses (Peterson et al., 1983). 
Norwalk and **Norwalk-Uke*' viruses 
Initially, the small, round, structured virus (SRSV) term was thought to apply to only 
a gmall group of vimses: calicivimses and astroviruses, with the remainder being Norwalk or 
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"Norwalk-like" viruses. With advances in laboratory methods, this grouping has become 
more and more complex. For example, some "Norwalk-like" viruses (the WoUan, Ditchling, 
Parramatta, and Cockle agents) were later classified as parvoviruses (Appleton, 1994). A 
"minireovirus", which was named on the basis of its structure by electron microscopy, was 
shown to be ''Norwalk-like" on the basis of its nucleotide sequence (Lew et al., 1994). 
A major reason for the confusion ui classification is that none of these viruses can be 
propagated in cell or organ cultures or in animals (Appleton, 1994). This results in working 
with limited stocks of virus or with using human volunteers for viral propagation. Norwalk 
virus was the first virus of this group to be cloned and sequenced (Jiang et al., 1993). These 
data resulted in this group being classified as caliciviruses (Cubitt et al., 1995), although as 
"atypical" members based upon structure by electron microscopy (caliciviruses have cup-like 
structures on their surface; SRSVs are amorphous and ragged in appearance) and on genomic 
similarity. Further research has suggested that within this group there are two genogroups or 
major serotypes, with prototypes being Norwalk virus and the Snow Mountain agent (Ando et 
al., 1994; Green et al., 1993; Wang et al., 1994). Within that firamework, there are at least six 
antigenic groups (Lewis et al., 1995). Like caliciviruses, these viruses are small (30 to 38 
nm), round or icosahedral in symmetry, and have a genome composed of a single strand of 
RNA There is no envelope. 
Norwalk and related viruses are the most fi'equent causes of gastroenteritis in Great 
Britam (^pleton et al., 1988) and the United States (Appleton, 1994). Signs and symptoms 
are typical for gastroenteritis (diarrhea, nausea, and vomiting), with a short incubation period 
(24 to 48 hours) (Hedburg and Osterhobn, 1993) and sometimes a rather explosive onset 
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(Lid) et al., 1985). Transmission can occur by direct contact, through contaminated food or 
water (Beller et al., 1997), or by vomiting, which creates an aerosol (Appleton, 1994). Of 
special concern as sources of infection are food handlers (Hedburg and Osterhohn, 1993) and 
contaminated shellfish (Appleton, 1994). Norwalk virus appears to be inactivated by cooking 
but remains infective after heating to 60® C for 30 minutes (Appleton, 1994). This implies that 
pasteurization may not be effective in inactivating these viruses. Norwalk virus is also more 
resistant to chlorine than are poliovirus and rotavirus, remaining viable at chlorine 
concentrations seen in drinking water (Kapikian et al., 1972). 
Infection by Norwalk virus results in the production of both circulating IgG and 
secretory IgA antibodies (Blacklow et al., 1987; Parrino et al., 1977). Neither, however, is 
protective. In viral challenge studies, those infected initially could be reinfected 27 to 42 
months later. Of interest also is that some volunteers could not be infected by challenge, and 
only low or no antibody levels were deteaed. The mechanism for this resistance has not been 
determined. 
Calichinises 
The non-Norwalk caliciviruses are similar to the Norwalk and Norwalk-like viruses 
except for their structure as seen by electron microscopy. There are even some serolo^c 
cross reactions between the two groups (Cubitt et al., 1987). Human-origin caliciviruses are 
common causes of gastroenteritis in young children, with incubation periods of one to three 
days (Blacklow and Greenberg, 1991). In comparison, Norwalk and similar viruses are more 
common in gastroenteritis in adults. There are three known serologically distinct groups, with 
the possibility of at least two more (Cubitt et al., 1987). Epidemiologically, these viruses have 
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been shown to be transmitted by raw shellfish and by cold foods, with an indication that food 
handlers are probably important sources (Cubitt, 1987). 
Rotaviruses 
Rotaviruses are the most important cause of diarrhea in children worldwide (Sattar et 
al., 1994). It has been estimated that rotaviruses cause 3.5 million infections every year in the 
United States (LeBaron et al., 1990), resulting in 70,000 hospitalizations and 75-125 deaths 
each year (Ho et al., 1988). Children are most commonly infected, but disease can be seen in 
adults (Echeverria et al., 1983). Signs and ^raptoms include vomiting, diarrhea, fever, and 
abdominal pain. 
Transmission is fecal/oral, with direct contact being most important (LeBaron et al., 
1990). Many children can be inapparently infected but shed virus (Champsaur et al., 1984). 
A person with rotaviral diarrhea may shed up to lO' virions/ ml of stool (LeBaron et al., 
1990). Waterbome transmission is fairly common (Sattar et al., 1994), but foodbome 
transmission occasionally occurs. Matsumoto et al. (1989) described an outbreak in Japan 
that affected at least 3,000 children who had consumed school lunches. 
Rotaviruses are round, non-enveloped, and have double capsids. The genome is 
composed of segmented double stranded RNA. Rotaviruses can be divided into serogroups 
that have no serologic cross-reactions. Currently serogroups A through G have been 
identified (Sattar et al., 1994). Various serotypes exist within the serogroups. Initially, it was 
thought that human infections were due to some group A rotaviruses, while infections in avian 
and non-human animals were due to different group A rotaviruses and to the other 
serogroups. More recently, major human outbreaks in China have occurred which were 
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caused by a group B rotavirus (Chen et al., 1985; Wang et al., 1985). These outbreaks were 
primarily waterbome (Hung et al., 1984). Group C rotaviruses have been responsible for 
sporadic outbreaks (Matsumoto et al., 1989; Ushijima et al., 1989). As will be discussed 
under zoonotic viruses, some rotavirus isolates cause both human and non-human disease. 
Coronaviruses 
Coronaviruses have long been known as the cause of gastroenteritis in domestic 
animals. Transmissible gastroenteritis (TGE) of swine can be devastating in a herd. Diarrheic 
disease is also seen in cattle, dogs, and possibly cats. Rarely, coronaviruses have been shown 
to be the cause of gastroenteritis in people (Oliver, 1994b). An outbreak in Scotland was 
linked to food, but nothing specific could be determined (Anon., 1991). 
Coronaviruses are enveloped, pleomorphic, and 100-150 nm in diameter. The capsid 
is helical. The genome is single stranded RNA. In theory, the presence of an envelope would 
make this family more environmentally labile when compared to non-enveloped viruses, since 
envelopes are much more easily damaged than are capsids. 
Adenoviruses 
Adenoviruses are most commonly associated with respiratory infections. However, 
human adenovirus serotypes 40 and 41 (subgenus F) cause typical gastroenteric disease: 
diarrhea, vomiting, and little or no systemic signs (Wadell et al., 1987). By contrast, the other 
subgenera cause respiratory and systemic symptoms, with occasional, minor enteric signs and 
qmiptoms. As in the case of rotavirus infections, children are most fi'equently infected, but 
generally with milder severity and of longer duration than caused by rotavirus (Wadell et al., 
1987). Enteric adenoviruses are considered the second most common, after rotaviruses, as 
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causes of viral gastroenteritis of children worldwide (Bates et al., 1993; Tiemessen et al., 
1989; Uhnoo et al., 1984). 
Adenoviruses are non-enveloped, round (icosahedral), about 80 am in diameter, and 
contain double-stranded DNA. Subgenera A through E are easily propagated in cell culture, 
while the enteric subgenus F will not replicate in common cell strains (Wadell et al., 1987) and 
will propagate sporadically in a less common cell lines (DeJong et al., 1983). 
The only proven route of transmission is by direct contact (Wadell et al., 1987). 
However, it has been speculated that this and other gastroenteritis viruses might be shown to 
be food or waterbome with the development of improved diagnostic tests (Hedberg and 
Osteiiiohn, 1993). 
Parvoviruses 
The best known human parvovirus is B19, which causes erythema infectiosum or Fifth 
disease in children. Recently, some of the SRS V have been shown to be parvoviruses or 
parvovirus-like. Those include the WoUan (Paver et al., 1973), Ditchling (Appleton et al., 
1977), Cockle (Appleton and Pereira, 1977), and Parramatta (Christopher et al., 1978) agents. 
While there is a single serotype of B19, there appear to be a number of antigenic strains of 
enteric parvoviruses (Appleton, 1987). 
To date, parvovirus outbreaks have been associated only with the consumption of 
shellfish (Appleton, 1987). Commonly, they are seen in mixed infections with caliciviruses, 
astroviruses, or other SRSVs, but th^ also have been the only agent associated with an 
outbreak (Appleton, 1987). 
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Astroviruses 
Astroviruses have a star-like appearance under electron microscopy. They are round, 
slightly smaller than Norwalk and other caliciviruses (28-30 nm), and have a single-stranded 
RNA genome. Th^ will survive heating to 50° C for 30 minutes but are inactivated feiriy 
rapidly at 60° C, losing 3 logio titer in 5 minutes and 6 logio in 15 minutes (Appleton, 1994). 
Unlike the Norwalk group of viruses, this family can be propagated in cell cultures. 
Six human serotypes have been identified to date, plus unrelated serotypes fi'om mammals and 
birds (sheep, cattle, deer, dogs, cats, turkeys, and ducks) (Appleton, 1994; Kurtz and Lee, 
1987). 
Astroviruses, like rotaviruses, primarily cause gastroenteritis in children, while adults 
are infected infirequently (Appleton, 1994; Kurtz and Lee, 1987). Transmission is by direct 
contact or through food and water (Appleton, 1994). Viral challenge of volunteers with 
antibodies to astrovirus did not result in clinical disease (Kurtz et al., 1979). The incubation 
period is 3 to 4 days, and signs and symptoms include both gastroenteritis and systemic signs 
such as fever, headache, and malaise (Kurtz and Lee, 1987). 
Hepatitis £ virus 
Hepatitis E virus (HEV) has been recognized only fairly recently. From molecular 
characterization, it appears that HEV is a calicivirus (Bradl^ et al., 1993; Cubitt et al., 1995), 
although its genomic organization is somewhat different than the more well known animal 
caliciviruses. It is spread through the fecal/oral route (Spiro, 1993b), and the waterbome 
route is by fer the commonest source of infection (Agarwal and Naik, 1994). Symptoms and 
IS 
mortality are similar to those of HAV, accept that the case fatality rate in pregnant women is 
40% (Spiro, 1993b). 
This virus is not recognized as present in the United States except as a rare import 
(Cliver, 1997; Spiro, 1993b). There is concern that this virus might be imported and become 
endemic. Another concern is that swine can be infected with and shed HEV, making this a 
possible zoonotic disease (Clayson et al., 1995). 
Miscellaneous viruses 
The Aichi virus has recently been isolated in Japan (Yamashita et al., 1993). It causes 
human gastroenteritis and is transmitted primarily through raw and undercooked shellfish. Up 
to 80% of adults tested in Japan had antibodies reacting to this virus. While it is biochemically 
and physically an enterovirus, it is distinct from any known enterovirus both antigenically and 
genomically. 
Toroviruses cause diarrhea in cattle. A similar appearing virus was detected in human 
stool samples (Beards et al., 1984), but antibodies to the cattle agent were not found (Brown 
et al., 1987). The significance of this virus remains unclear. 
Picobima- and picotrinaviruses (small viruses with two or three, respectively, 
segments of double-stranded RNA) have been identified in the stools of children with 
gastroenteritis (Cascio et al., 1996; Gallimore et al., 1995; Ludert and Liprandi, 1993). As 
with toroviruses, more research needs to be done to determine the importance of these 
viruses. 
In the southwest United States, pestivirus antigen was detected in fecal samples of 
children with gastroenteritis (Yolken et al., 1989). The presence of this antigen was much 
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higher in symptomatic compared to control children (23% vs. 3%). Serologic surveys showed 
seroconversion of 30-50% in children and adults, with the greatest risk of exposure at two 
years of age or less (Yolken et al., 1988). 
Brainard or chronic idiopathic diarrhea is a syndrome for which no agent has as yet 
been identified (Janda et al., 1991). Due to lack of response to any antibiotic, it is suspected 
that the organism responsible is a virus or a parasite. It has been associated epidemiologically 
with the consumption of contaminated water (A&alpurkar et al., 1992), raw milk (Osterholm 
et al., 1986), or contaminated food (Martin and Hobennan, 1986). As the syndrome name 
implies, the diarrhea lasts for several months. The average duration of symptoms is 15 
months, with the range being 7 to 31 months. 
Zoonotic viruses 
Rarely does a single strain of rotavirus infect both humans and other animals. A group 
A rotavirus isolated fi'om a child with diarrhea was very similar or identical to feline and 
canine isolates (Nakagomi et al., 1990; Nakagomi et al., 1992). A "rotavirus-like" agent, later 
identified as a group B rotavirus, was shown to be the cause of gastroenteritis in rats and in 
humans, both in children and in adults (Eiden et al., 1985). 
In other areas of the world, zoonotic foodbome diseases are recognized. Hepatitis E 
virus infects swine and is passed in their feces (Clayson et al., 1995), although most cases of 
human disease are apparently transmitted person to person. Further discussion of this virus is 
above. 
One reviewer lists three arenaviruses (Machupo, Lassa, and lymphoc3^c 
choriomeningitis [LCM] viruses) as possible foodbome zoonotic viruses transmitted through 
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food contaminated by rodents (Biyan, 1982). Ail these viruses are persistently carried and 
excreted by rodents. A more recent review (McCormick, 1990) of this &mily of viruses does 
not mention contaminated food as a direct source of infection. McCormick (1990) stated that 
LCM infects humans through ingestion following direct contact with rodent urine and by 
infection through cuts and abrasions. Lassa fever has been linked epidemiologically to 
catching and eating rodents and to having rodents in the house. Disease in humans by 
Machupo virus, the cause of Bolivian hemorrhagic fever, was linked to rodents in the house. 
Tick-borne encephalitis is caused by a group of Old World flaviviruses that includes 
Russian spring-summer encephalitis (RSSE), Central European encephalitis (CHE), Omsk 
hemorrhagic fever, Powassan encephalitis, Kyasanur forest disease and others (Calisher et al., 
1989). These viruses cause asymptomatic infections of rodents and ruminants and can be 
transmitted to humans primarily by ticks, but RSSE and CEE can also be transmitted by 
ingestion of unpasteurized goat or sheep milk (Acha and Szyfres, 1987) or cheese (Aenderk et 
al., 1996). Recently, a closely related tick-borne virus has been discovered in the United 
States (Telford et al., 1997), but there have been no cases of human disease associated with it. 
Another related but apparently distinct (Gubler, 1997) member of the tick-borne encephalitis 
group has been reported in Saudi Arabia (Ratard, 1997). It appears to be spread primarily by 
butchering infected animals but can also be transmitted by unpasteurized milk. 
Spongiform encephalopathies 
Transmissible spongiform encephalopathies (TSEs) have traditionally been placed with 
viral diseases, partly for lack of a better understanding of their pathogenesis and partly 
because the evidence implied that a "slow acting" virus was the agent involved. Cunently, 
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most scientists believe that these diseases are due to infectious protein molecules named 
prions (Pruisner, 1995), although there are still a few dissenters (Murdoch et al., 1990). The 
reasoning is that all mammalian cells contain normal cellular prion proteins (PrP^). If the 
normal protein comes into contact with an abnormal TSE-causing protein(PrP^, the 
abnormal protein acts as a template to allow folding of the normal protein into the abnormal 
configuration. The resultant PrP^ configuration is resistant to cellular proteolytic enzymes, so 
this abnormal protein cannot be eliminated, and it continues to act as a template for the 
production of more abnormal protein. The buildup of this abnormal protein eventually 
disrupts the functions of the cell and the cell dies. In nerve cells in the brain, which are 
incapable of replication, cell loss leads to lesions and clinical disease. 
Prion diseases identified in humans are kuru, Creutzfeldt-Jakob disease (CJD), 
Gerstmann-Straussler-Scheinker disease (GSSD), and fetal familial insomnia (FFI). All these 
diseases manifest as progressive, fatal dementias. Kuru was transmitted through ritual 
cannibalism, showing the potential for these agents to be foodbome. GSSD and FFI are due 
to an inherited mutation in the prion gene. CJD can arise fi^om inheritance of flawed prion 
genes, rarely fi'om infection, but usually for undetermined reasons (the so-called "sporadic" 
cases), which might include ingestion exposure (Pruisner, 1995). 
In non-human animals, prion diseases include scrapie of sheep and goats, chronic 
wasting disease of mule deer and elk, transmissible mink encephalopathy (TME), and bovine 
spongiform encephalopathy (BSE, also called "mad cow" disease). BSE was first recognized 
in Britain in 1986 as an emerging problem. By 1988, BSE transmission was linked to the 
feeding of meat and bone meal made fi'om rendered tissues of ruminants and other animals. 
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resulting in the recycling of the infectious agent (Wilesmith et al., 1988). With the banning of 
this feed to ruminants, the disease incidence is now declining rapidly. 
In the 1990s, cases of "new variety" CJD (nvCJD) were seen in Britain (Will et al., 
1996). The persons affected were primarily young adults with some atypical signs and 
symptoms; CJD commonly affects persons in their later years. BSE was immediately assumed 
to be the reason for the appearance of nvCJD. Strain-typing, involving the injection of TSE-
containing nervous tissue into mice and scoring the location and severity of lesions, has 
recently been completed (Bruce et al., 1997). Scrapie, thought to be the original source of the 
BSE outbreak, showed multiple strain types. BSE gave only a single type, different from all 
known scrapie strains. TSEs in British cats (Wyatt et al., 1991) and zoo animals (Kirkwood 
et al., 1990), which were assumed to be BSE-related, also had the BSE strain type. The same 
type was also seen in human nvCJD (Bruce et al., 1997; Hill et al., 1997). 
To date, fewer than 30 cases of nvCJD have been diagnosed. It has been assumed 
these people were infected by eating tissue from cattle that were incubating BSE but not 
showing clinical signs. However, the incubation period of nvCJD is unknown, as are the 
reasons why only some persons who were presumably exposed have been infected. Numbers 
of nvCJD cases to be expected in the future are unknown. 
The only known method to keep the food supply in the United States free from this 
agent is to prevent the recycling and amplification that occurred in Britain. Government 
regulations now forbid the feeding of nmoinant-derived meat and bone meal to ruminants in 
the United States and in Britain. Cooking will not significantly affect the prion agents, since 
they survive much higher temperatures (usually 120° C) used in the rendering process. 
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Irradiation is also of no use. Alpar et al. (1978) found that the ionizing radiation dosage 
needed to cause the reduction of one logio scrapie titer in brain tissue was 12 and 68 kGy in 
o^^genated and anoxic tissue, respectively. These are not practical, either economically or 
organoleptically. 
Detection and diagnosis 
Discussion of diagnosis will primarily be based on what is available commercially and 
at diagnostic laboratories. While many tests are used in research laboratories, very few are 
widely used currently. Polymerase chain reaction (PCR) appears to show the most promise 
for diagnosis in the near future. 
Electron microscopy was the first commonly used diagnostic method for enteric 
viruses. For some viruses, such as the enteric coronaviruses, this is still the only available 
method (Jacobs et al., 1996). It has the advantage that any viral family can be visualized, and 
mixed infections detected, so culture of the viruses or specific serologic reagents are not 
needed. However, there needs to be at least 10® virions/ml of diarrhea to be visualized and 
this level of viral shedding is often only seen in the first 2 to 3 days of viral diarrhea (LeBaron 
et al., 1990). 
Immimoelectron microscopy (lEM) uses antisera to agglutinate viruses in a sample. 
This technique results in a sensitivity approximately ten times that of direct electron 
microscopy (LeBaron et al., 1990). The specificity of the antisera aids in diagnosis. The 
major disadvantage of both these methods is the equipment expense and technical expertise 
that is needed. Specific antisera for lEM can also be in short supply. 
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Serologic detection of viral antigens allows for rapid and specific detection, without 
the need for excessive expenditures for equipment. The timing of sample collection is also of 
critical importance. Commercial enzyme-linked immunosorbent assays (ELISA) and latex 
agglutination tests are available for group A rotavirus (Jacobs et al., 1996). These tests have 
about the same sensitivity as does electron microscopy (Benfield et al., 1984; Gilchrist et al., 
1987; Goyal et al., 1987). An ELISA test is also available for enteric adenoviruses (LeBaron 
et al., 1990). 
Detecting and titering antibodies to viruses is also relatively easily done, especially if 
done in an ELISA format. Since many people have existing IgG antibodies to many enteric 
viruses, demonstration of a rising titer from acute to convalescent sera is necessary. If IgM is 
detected, one sample is adequate. The commercial kit for hepatitis A virus employs an ELISA 
format to detect IgM (Jacobs et al., 1996). A difBculty with antibody detection tests arises 
with those viruses which cannot be propagated in cell culture, since it is difBcult to acquire 
enough antigen for use in the test by other means. Norwalk virus has recently been cloned 
(.nang et al., 1990), allowing production of capsid protein by an expression system. This 
should result in the production and commercialization of an antibody detection test. 
Storage 
Freezing viruses at "ultra-low" temperatures of -70° C or below acts to preserve viral 
infectivity almost indefinitely (Lennette, 1991). For example, foot-and-mouth disease virus 
(FMDV) was shown to have little titer loss when stored for 11 years at -50° C (Cottral et al., 
1966) Storage at refrigerator temperatures, approximately 4° C, will generally preserve viral 
infectivity for several days (Lennette, 1991; Mclmosh, 1990). 
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Storage at 4** C. 
Because of concerns about the importation of exotic meat-bome viruses, a number of 
studies have been done on survival characteristics of viruses at refrigerator temperatures. 
Cottral (1969) showed that foot-and-mouth disease virus (FMDV) could be detected as long 
as seven months in infected beef bone marrow and as long as four months in lymph nodes. 
Other researchers have shown survival in beef tissues to be as long as 33 days in tongue and 
cheek (NCnistry of Agriculture and Fisheries, 1931), 8 days in parotid salivary gland, lung, and 
rumen (Savi et al., 1962), and three days in muscle (Henderson and Brooksby, 1948). Studies 
with swine tissues have shown survival of this virus for up to 70 days in blood (Wittman, 
1957), 42 days in bone marrow (Ministry of Agriculture and Fisheries, 1927), 10 days in 
tongue (Savi et al., 1962), and one day in muscle (Savi et al., 1962). 
Storage at freezer temperatures. 
Many viruses lose infectivity rapidly at -20® C, or home freezer temperatures, primarily 
due to the formation of ice crystals which disrupt viral architecture (Lennette, 1991; 
Mcintosh, 1990; Wilfert, 1985). Mcintosh (1990) stated that the most labile of vimses, such 
as cytomegalovirus (a herpesvirus) and respiratory syncytial virus, rarely survive a single 
freeze-thaw cycle unless they are stabilized with a cryoprotectant or are snap frozen in dry 
ice/alcohol or liquid nitrogen. Multiple freeze-thaw cycles, such as are seen in frost-free 
freezers, are even more likely to result in viral inactivation. 
Fewer studies have been done on viral survival at freezer temperatures. Foot-and-
mouth disease virus was found to survive in uncured pork for 55 days at -15° C (Wittman, 
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1957). In bee^ Henderson and Brooksby (1948) found that FMDV would survive nearly 6 
months at -20° C in lymph nodes, rumen, and liver, as well as 7 weeks in kidneys. 
In one somewhat surprising result, Heidelbaugh and Graves (1968) showed that 
FMDV survived at higher titer through one fireeze/thaw cycle than it did during an equal time 
at refrigerator temperature. The authors suggested that this phenomenon deserved more 
study, although it does not appear that further work has been done. 
There are very few reports on storage experiments of human viruses. In their review, 
Hollinger and Ticehurst (1990) stated that hepatitis A virus will retain infectivity "for years" at 
temperatures below -20® C. A r^erence was not given. 
Irradiation 
Biological effects of irradiation 
Irradiation of organic materials, such as foods, by high-energy electrons or rays (y or 
X) results in the penetration of the matter by electrons or photons. These particles, sometimes 
referred to as "ionizing radiation," lose energy through collisions with the electrons of the 
irradiated matter (Black, 1958). Some of these collisions will cause the ejection of electrons 
from the atoms, resulting in broken chemical bonds and/or the formation of ions. The altered 
molecules may no longer retain normal fimction. Inactivation of microorganisms results when 
a critical protein or its genetic material is damaged in this way. This "direct hit" method of 
action is the primary reason for microbial inactivation in dry products (International Atomic 
Energy Agency, 1977). The most critical factors are the dosage of ionizing radiation and the 
size of the target microbes. 
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In aqueous systems, the major mechanism of microbial inactivation is through the 
reaction of the energetic particles on water molecules (International Atomic Energy Agency, 
1977; Siu and Bail^, 1958). The products of the irradiation of water are the free radicals H 
and OH, each containing an unpaired electron, plus H2O2 and H2. All of these are very 
reactive chemically. Some of these products will recombine to form water, but others will 
diffuse and attack adjacent molecules. Microbes are inactivated by these products chemically 
attacking and altering en^ones and other critical proteins and nucleic acids, plus bacterial and 
viral membranes. In this system, dose becomes more important than microbial size, since the 
active products will diffuse. In frozen systems, where the products can not readily difKise, the 
effects observed are primarily those expeaed from direct hits. 
A nimiber of organic and inorganic chemicals are able to act as radical "scavengers" 
and protect against some of the effects of radiation (Rayman and Byrne, 1958). Organic 
compounds such as sugars, proteins, formate, succinate, pyruvate, serine, alanine, and cysteine 
all have varying degrees of activity. Differences ui protective ability among these organic 
compounds make for difSculty comparing the results of studies which use different substrates. 
The absorbed radiation dose is now measured in the Liteniational System of Units as 
the Gray (Gy) or the kiloGray (kGy) (Olson, 1995). One Gray equals the absorption of one 
joule of energy per kilogram of food. Older literature describes the dose in rads or m^arads; 
one Mrad equals 10 kGy. Currently in the United States, the approved dose for pork, 
primarily for control of Trichinella, is 0.3 to 1.0 kGy. Poultry can be treated at 1.5 to 3.0 
kGy (Olson, 1995). Red meats have been approved for irradiation by the FDA, but the USDA 
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has not yet provided guidelines for usage. When approval occurs, the dose is expected to be 
up to a maximum of 4.5 kGy for fresh meat and 7.5 kGy for frozen meat. 
Irradiatioii of viruses 
Viral genetic material can be either single- or double-stranded. The breakage of a 
single bond on a single-stranded genome may be enough to cause inactivation. Multiple 
breakages are needed to cause inactivation of a double-stranded helix, since the 
complementary strand will bridge a single break. It has been shown that ionizing radiation is 
approximately ten times more efi5cient in inactivating single-stranded viruses compared to 
double-stranded (Knight, 1975). 
A number of studies have been done on viral survival of irradiation. Unfortunately, 
there has been little uniformity of methods. Foot-and-mouth disease and African swine fever 
viruses in naturally infected tissues could be inactivated by 20 kGy (Baldelli et al., 1985; 
McVicar et al., 1982). Both of these viruses are notoriously durable in the tissues of infected 
animals 
The reporting of results in Dio values greatly helps the comparison of viral sensitivities. 
This is especially useful for those experiments in which naturally infected tissues are not 
available. The Dio or decimal reduction value is the amount of radiation needed to reduce the 
viable viral numbers by one logio of titer, or by 90 per cent. There is a linear correlation 
between the titer in logio and dose, which allows the determination of dose needed if the 
beginning viral titer is known. 
A number of eq}eriments have been done using viruses suspended in water and tissue 
culture media (Sullivan et al., 1971b; Thomas et al., 1981) or fetal bovine serum (FBS) 
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(Hoiise et al., 1990). These studies were usdiil in providing dosages needed for inactivation 
in substrates such as sewage efSuent, in serum necessary for ceil culture media, or in culture 
for diagnostic testing and possible vaccine development, which was the intent of these studies. 
Since the substrates are difiEerent, it is somewhat difBcult to draw comparisons to doses 
needed for foods. 
Girolamo et al.(1972) reported a Dio value of 4.0 kGy for poliovirus in naturally 
infected oysters. Mallet et al. (1991), using shellfish inoculated in the laboratory, showed 
values of 2.0 kGy for hepatitis A virus and 2.4 kGy for rotavirus. Two studies (Sullivan et al., 
1973; Sullivan et al., 1971a) compared Dio values obtained on viruses in water, in cell culture 
medium, and in meat. Unfortunately, while each used a single virus, none confinned that 
different values may result from different substrates. For Coxsackievirus B2, Dw values in 
frozen substrates were 5.3 kGy in water, 5.9-6.9 kGy in culture medium with 2% FBS, which 
acts as a free radical scavenger, 6.8-8.1 kGy in cooked ground bee^ and 6.8-7.5 kGy in raw 
ground beef In cooked, unfrozen ground bee^ the same virus had a value of 7.0-7.6 kGy. 
For Coxsackievirus A9 in refrigerated substrates, Dio values were 1.2 kGy in distilled water, 
4.9 kGy in culture medium with 2% FBS, 4.8 kGy in identical culture medium with added 
high levels of antibiotics, 5.2 kGy in milk, and 6.5 kGy in ground beef. 
Irradiated meats are still intended to be cooked before consumption. Lasta et al. 
(1992) foimd that there may by a s3mergistic action of irradiation and heat on foot-and-mouth 
virus. Pirtle et al. (1997) saw no such indication with adenovirus, echovirus, 
encephalomyocarditis (EMC) virus, and pseudorabies virus (PRV). 
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Processing 
Thermal processing 
Thermal processing is the oldest and still the most usdlil method of inactivating 
viruses in food. Cliver (1983, page 42) stated that "heat, applied in thermal processing 
pasteurization, cooking, or heating of food is the one most generally useful means of 
inactivating virus that has contaminated food..." He then cautions that "many foods are eaten 
without cooking or may be contaminated after they have received whatever heat treatment 
they are intended to get." 
As with irradiation, the character of the food has an impact on the heat sensitivity of 
viruses contained within. Salt (Grausgruber, 1963), proteins (Cliver, 1983), and fats (Filippi 
and Banwart, 1974; Sullivan et al., 1975) offer some protection from the effects of heat. 
Acidity in foods results in viruses being more heat-labile (Cliver et al., 1970; Heidelbaugh and 
Giron, 1969; Salo and Cliver, 1976). Shellfish, which will concentrate viruses from waters 
contaminated with sewage, have been shown to be remarkably protective against heat 
inactivation of enteroviruses (DiGirolamo et al., 1970) and hepatitis A virus (Peterson et al., 
1978). 
In dairy products, fat content has also been shown to affect thermal inactivation of 
viruses (Kaplan and Melnick, 1952; Kaplan and Melnick, 1954a, b). Some hepatitis A virus 
infectivity has been shown to survive normal pasteurization conditions; Parry and Mortimer 
(1984) reported some viral survival in milk treated at 65° C for 4 minutes or at 70° C for 2 
minutes. Foot-and-mouth disease virus has appeared to be unusually resistant to heat 
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inactivation in milk CBlackwell and Hyde, 1976), perhaps due to viral incorporation into fat 
globules (BlackweU et al., 1981). 
Concerns about the importation of exotic viruses in food products has engendered 
numerous studies on inactivation, both by heating and by other processing methods, of the 
animal meat-borne viruses. Because of this, many of the reports on viral stability use non-
himian, rather than human, viruses as their models. McKercher et al. (1980), using tissues 
from infected swine, found that bringing infected meat samples to an internal temperature of 
69° C would inactivate swuie vesicular disease virus, African swine fever virus, and foot-and-
mouth disease virus (FMDV). Fifteen minutes at that temperature would inactivate hog 
cholera virus. Other studies have shown that hog cholera virus can be inactivated by 71° C for 
one minute (Stewart et al., 1979) or 65° C for 30 minutes (Helwig and Keast, 1966) in ham. 
Foot-and-mouth disease virus appeared to be somewhat more stable in beef^ needing 75° C for 
20 minutes or 80° C for 15 minutes for total inactivation (Garcia-Vidal et al., 1988). 
In ground beel^ BlackweU et al. (1988) showed that FMDV could be inactivated by 
79.4° C for 2 hours. Another study (BlackweU et al., 1982) found that 2 hours at 82° C or 
one-half hour at 90° C would inactivate FMDV in groimd beef but that 1% NaCl may be 
sUghtly protective. 
Chicken anemia virus (CAV) appears to be the most durable virus reported, needing 
95° C for 30 minutes or 100® C for 10 minutes for total inactivation (Uriings et al., 1993). 
This study was done using naturaUy infected chicken meat. CAV also was not inactivated by 
fermentation. 
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The above viruses are among the most durable known. It is unlikely that viruses of 
concern to human health would prove to be any more resistant. Indeed, hepatitis A virus and 
the other enteroviruses are in the same &mily, Picomaviridae, as are foot-and-mouth disease 
and swine vesicular disease viruses. There are no known human equivalents of Afiican swine 
fever, hog cholera, and chicken anemia viruses. 
As with irradiation, some caution should be used in making assumptions about the 
stability of a given virus based upon the characteristics of another of the same &mily. Siegl et 
al. (1984) found that 50% of poliovirus particles were inactivated in a standard buffer solution 
at 43° C and in a stabilizing buffer with MgCb at 61° C. Hepatitis A virus was 50% 
inactivated at 61° C and 81° C, respectively, in the two buffers. Both are members of the 
same viral family and, until recently, were considered members of the same viral genus. 
The various formulae for cooked products like frankfiirters call for cooking to internal 
temperatures of 65 to 76° C for >16 seconds (Ockerman, 1989). This appears to be adequate 
to inactivate any viruses of concern that existed in the product before processing. 
Salting, drying, and fermenting 
Products such as salami and summer sausage are preserved primarily by salting, 
drying, and fermenting, rather than by cooking. These are usually considered ready-to-eat 
products, needing no fiirther treatment before consumption. Panina et al.(1989) studied 
salami made from pigs infected with foot-and-mouth disease virus. The virus was inactivated 
after 7 days treatment. A similar study (Panina et al., 1992) using pigs infected with hog 
cholera virus showed inactivation after 75 days of storage. Heidelbaugh and Graves (1968) 
showed that 20% salt used in the cure was effective in inactivating FMDV in beef but that the 
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iiiactivation was not rapid enough to be practical. They also showed that the addition of citric 
acid to salt cures increased the efficiency of viral inactivation. Swine vesicular disease virus, 
a swine enterovirus, was found to remain infective for 400 days in pepperoni and salami and 
for 780 days in intestinal casings (McKercher et al., 1980). 
In the curing of Parma hams, McKercher et al.(1987) found that from 108 to 170 days 
were needed to inactivate FMDV, 300 to 399 days were needed for African swine fever virus, 
and 189 to 313 days were needed for hog cholera virus. In a similar experiment (McKercher 
et al., 1985), it was found that between 90 and 300 days were needed to inactivate swine 
vesicular disease virus in Parma hams. Since these hams are cured a minimum of365 days, 
the product should be free of all of the above viruses except possibly African swine fever 
virus. Other studies have shown that FMDV can survive 190 days in salted bacon (Savi et al., 
1962), for up to 89 days in ham bone marrow (Cottrall et al., I960), and up to 183 days in 
ham fat (Dhennin et al., 1980). 
The formulary (Ockerman, 1989) shows that salami may be fermented from 20 to 90 
days, while summer sausage is usually fermented for shorter periods of time and then cooked. 
While the shorter curing times for salami would not be adequate to inactivate hog cholera 
virus, they might be adequate for many of the less durable of the human enteric pathogens, 
including enteroviruses. The longer curing times for the salami and the cooking of the 
summer sausage should result in safe products. 
Processing is meant to not only elimmate pathogens from the product but to also 
control bacterial contamination and spoilage post processing. Since human handlers are an 
important source of viral contaminants of foods, this study was designed to determine the 
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effect of these processing changes on the survival of viruses that could contaminate the meat 
products post processing. 
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MATERIALS AND METHODS 
Survival During Storage 
Viruses and cells 
Pseudorabies virus (PRV or porcine herpesvirus), strain Iowa 62/26, was acquired 
from Dr. E. C. Pirtle, then at Iowa State University (ISU) and formerly at the National Animal 
Disease Center where he had isolated and characterized this isolate. It was propagated in PK-
15 cells acquired from the Iowa State University Veterinary Diagnostic Laboratory (ISU 
VDL). These cells were grown in minimum essential medium (MEM, Gibco BRL, 
Gaithersburg, MD) with 5% fetal bovine serum (FBS, Gibco),90 mg/1 of L-glutamine (Gibco), 
200 mg/1 gentamicin sulfate (Schering-Plough Animal Health Corp., Kenilworth, NJ), and 5 
mg/l amphotericin B (Bristol-Myers Squibb, Princeton, NJ) and incubated in a 5% CO2 
atmosphere. 
Swine adenovirus, strain Kasza, was acquired from the American Type Culture 
Collection (ATCC), reference number VR-359. It was propagated in PK-I5 cells as described 
above. 
Echovirus 7, Wallace strain (ATCC VR-37), Coxsackievirus B3, strain HA antigen 
201933 (ATCC VR-688), and Reovirus type 1, Lang strain (ATCC VR-230) were 
propagated in LLC-MK2 (ATCC CCL 7) cells. The growth requirements for this cell line 
were the same as those for the PK-15 cells. 
Encephalomyocarditis (EMC) virus, Florida or NVSL strain, was acquired from Dr. J. 
Zimmerman at ISU VDL. It was propagated in BHK-21 cells, also acquired from ISU VDL, 
in MEM as above except with 8% FBS. 
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Swine influenza virus (SIV), strain A/swineAVisconsin/1/68 (HlNl), was acquired 
from Dr. E. C. Pirtle. It was propagated in the allantoic cavity of 10-day chicken embryos 
(Hy-Vac, Adel, lA), but it was detected and titered in MDCK (ATCC CCL 34) cells. The 
cells were grown in MEM as above with 10% FBS, but viral propagation was in serum-free 
mediimi with 0.5 (ig/1 type DC trypsin (Sigma, St. Louis, MO) added. 
Group A rotavirus, OSU strain or porcine serotype 5 (ATCC VR-893), was 
propagated in MA-104 cells, which were provided by Dr. P. Paul of the ISU Veterinary 
Medical Research Institute. The cells were grown in MEM with 8% FBS, but virus was 
propagated in serum-free medium with 0.5 ng/1 type DC trypsin. 
Hepatitis A virus (HAV), pHM-175 strain, was propagated in FRhK-4 cells. Both 
virus and cells were provided by Viral Antigens, Inc., Memphis, TN. The cells were grown in 
Dulbecco's MEM (Gibco) with 10% FBS, 1% non-essential amino acid solution (Gibco), and 
1% sodium pyruvate (Sigma). 
Meat product 
Frozen 80% lean ground pork was acquired from the ISU Meat Laboratory. This 
came from product batches that were inspected and available for sale, equivalent to what 
consumers would purchase at a commercial grocery store. The ground pork was thawed, 
weighed into 4.5 gm aliquots, heat-sealed (Seal-A-Meal, Dazey Corp., Industrial Airport, KS) 
in plastic bags (Stomacher 80 bags, Seward Medical, London), and frozen until used. 
Product inoculation 
The meat was thawed and inoculated with virus that had been diluted to what might be 
a naturally occurring contamination of a food product (10^ to 10® virions/ml). The diluent 
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used was Puck's saline G (Puck et al., 1958) with an added high antibiotic/antiniycotic 
cocktail consisting of 5 mg/1 amphotericin B, 200 mg/1 gentamicin sul&te, 75,000 U/1 
penidllin G (Sigma), 75,000 ^ig/l streptomycin hydrochloride (Sigma), 75,000 jig/1 neomycin 
sulfate (Sigma), and 750 UA bacitracin (Sigma). Then 0.5 ml of the virus suspensions was 
added to the 4.5 gm of meat in the bags, heat-sealed, and mixed for 2.5 minutes in a 
Stomacher 80 Laboratory Blender (Tekmar, Cincinnati, OH). Samples were stored at home 
refrigerator (4° C) or home freezer (-20° C) temperatures. 
Virus recovery 
Virus recovery was attempted on Day 0 and every week until there were two 
consecutive weeks in which there was no detectable viral presence or for 16 weeks, which 
ever came first. Sbcteen weeks was chosen because it was considered impractical to store 
frozen product beyond this point commercially. The refrigerated product appeared unusable 
after approximately two weeks, but it was treated identically to the frozen as long as virus was 
detected. 
To recover virus, 45 ml of the high antibiotic/antimycotic saline G were added to each 
sample. The bags of contaminated meat were blended for 2.5 minutes; the contents were 
decanted into centrifuge tubes and clarified by centrifiigation for 20 minutes at 1,000 g (CR-
6000, International Equipment Co., Needham Heights, MA). The supernatant fluids were 
then filtered through a 0.22 jim fringe-top filter (Costar, Coming Costar Corp., Kennebunk, 
ME), and serial 10-fold dilutions were made in the high antibiotic/antimycotic saline G. Cell 
cultures in 96-well plates (Costar) with confluent cells were inoculated with these dilutions, 
using 8 wells/dilution and 100 |il/well. After two hours incubation, wells were aspirated and 
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refed with seium-free MEM containing the high antibiotic/antin^cotic combination. Cultures 
were observed for cj^opathic effect (CPE). Titers were calculated by the Spearman-Karber 
method (Finney, 1978) as TCIDso and expressed as the logio of the titers. One bag from each 
storage temperature was sampled each week. 
Exceptions for individual viruses are as follows; (1)A plaque assay was used for HAV 
(description below). (2)Both rotavirus and SIV require trypsin to enhance infectivity. 
Accordingly, prior to inoculation, growth medium was aspirated from the 96-well plates and 
the wells were refed with 100 ^well of serum-free MEM with 0.5 ^ig/l trypsin and the high 
antibiotic/antimycotic combination. After 2 hours incubation, the wells were aspirated and 
refed with 200 nl/well of the same MEM/trypsin combination. (3)Three samples per week for 
each temperature were examined for cultures of the SIV and the adenovirus. 
HAV was inoculated, stored, recovered, and diluted as above. Since HAV is a serious 
human pathogen, titration by plaque assay was done in tightly closed flasks to prevent spillage 
and contamination of the laboratory. Three bags were sampled per week for each temperature 
and two 25 cm^ flasks (Costar) were used for each bag. To inoculate the flasks, growth 
medium was removed, 1.0 ml inoculum was added, and the flasks were incubated for two 
hours with rocking to spread the inoculum. During the incubation period, previously sterilized 
1.5% agarose (Type n, medium EEO, Sigma) was melted in a microwave oven and placed in 
a 45® C water bath to equilibrate. An equal volume of 2X DMEM overlay mediirai was also 
placed in the water bath. In addition to the antibiotic/antimycotic cocktail previously 
mentioned, the overlay medium also contained 4% FBS, 20 ml/I of 10 mM NEAA (Gibco), 
and 40 ml/1 of 1 M hepes buffer (N-2-Hydro3^ethylpiperazine-N'-2-ethane sulfonic acid. 
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Gibco). After incubation, the overlay medium and the agarose were combined and mixed, and 
5 ml were added to each flask. The overlays were allowed to solidify, and the flasks were 
inverted and incubated at 37® C. After a week of incubation, additional 5 ml overlays were 
added. The flasks were incubated another week, then fixed with 5 ml of a formalin solution 
(equal parts 37% formaldehyde solution [Fisher Scientific, Pittsburgh, PA] and distilled water) 
for two hours at room temperature. Flasks were shaken to break up the agarose, which was 
decanted and rinsed out with distilled water. Cells were stamed with crystal violet (5 g crystal 
violet [Fisher], 8.5 g NaCl [Fisher], 260 ml 95% ethanol, 50 ml 37% formaldehyde, and 690 
ml distilled water), rinsed with distilled water, and plaques counted. (This assay was 
developed by Ming Yi Deng at the Food Research Institute, Madison, Wisconsin, and shared 
with me by Dr. Dean Cliver prior to publication (Deng and Cliver, 1995). Some minor 
modifications were made to adapt the assay to our laboratory.) 
Analysis 
The data were analyzed using the general linear models procedure firom S AS (SAS 
Institute Inc., Gary, NC). Some statistical observations could be made by combining the two 
temperatures and using the time-temperature interactions as error. Six viruses (Coxsackie, 
EMC, echo, PRV, reo, and rota) were analyzed as a group. Adenovirus and SFV were 
analyzed similarly but separately. HAV, which was titered by a different method than all the 
others, could not be analyzed by itself 
All viruses were compared using graphs showing titer vs. time. Graphically, a value of 
1 was used to indicate titers below minimum detectable levels. The actual minimum 
detectable titer was below log 1.5. 
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Half-lives were calculated for all viruses, following the protocol of Bryan et al (1990), 
after first using regression determinations by Excel (Microsoft Corporation, Redmond, WA). 
Slopest confidence intervals were calculated as described (Bryan et al., 1990). Since results 
fi-om multiple weeks were used, statistical comparisons can be made between the viruses, but 
these comparisons should be considered as individually advisory except for Adenovirus, SIV, 
and HAV, which have multiple replicates each week. 
Survival Following Irradiation 
Viruses and cells 
Pseudorabies virus (PRV), Echovirus 7, Coxsackievirus B3, Reovirus type 1, and 
swine influenza virus (SFV) were propagated as in the storage survival experiments. The same 
strain of encephalomyocarditis (EMC) virus was used but it was propagated in Vero cells, 
acquired fi-om ISU VDL, in MEM with 8% FBS. 
A field isolate of porcine parvovirus was acquired fi-om Dr. Nfichael Meetz at the ISU 
VDL. It was propagated in ST cells, which were fi'om the same source. The cells were 
grown in Dulbecco's modified Eagle's medium (DMEM) with 10% FBS, gentamicin, and 
amphotericin B. 
Meat product 
Frozen 80% lean ground pork and 80% lean ground beef were acquired fi'om the ISU 
Meat Laboratory, as with the storage experiments. The meat was weighed into 9.0 gm 
aliquots. 
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Product inoculation 
The meat was thawed and, for the 1 kGy irradiation dosage, inoculated with viruses 
that had been diluted to what might be seen in a naturally occurring contamination of a food 
product (10^ to 10^ virions/ml). To allow an endpoint to be determined, the 10 kGy samples 
were inoculated with much higher viral concentrations, up to undiluted for the SIV. The viral 
concentrations used for the 3 kGy samples were intermediate. 
The diluent used was Puck's saline G (Puck et al., 1958) with the previously used high 
antibiotic/andmycotic cocktail. One ml of the virus suspension was added to the 9.0 gm of 
meat in each bag, which was then heat-sealed and mixed for 2.5 minutes in a Stomacher 80 
Laboratory Blender (Tekmar, Cincinnati, OH). To allow a uniform cross-section of the 
inoculated meat, the contents of each bag were manipulated into a strip of constant width at 
the bottom of the bag. The room temperature and 4° C samples were then stored at home 
refrigerator temperatures, and the -20° C samples were stored at home freezer temperatures 
until th^ were irradiated Parvovirus was inoculated onto ground bee^ while the other viruses 
were inoculated onto ground pork. 
In parallel with the meat samples, 1 ml. of the viral dilutions were placed in 9 ml. of 
the high antibiotic/antimycotic Saline G and sealed in bags for irradiation at the three 
temperatures and the three dosages. Also, the 3 kGy dosage of PRV in saline was duplicated 
at room temperature and 4° C with 1% sodiimi pyruvate (Sigma, St. Louis, MO) added to the 
saline. 
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Irradiation 
The meat samples to be treated at room temperature were removed from the 
refrigerator and allowed to equilibrate, then placed in an insulated chest with gel packs at 
room temperature. The samples to be treated at 4° C or at -20® C were transferred from 
storage at these temperatures into chests with appropriate temperature gel packs. The 
samples were taken to the Iowa State University Linear Accelerator Facility in separate 
coolers. 
Samples were irradiated in stacks of five, since this allowed most precise calibration. 
Calibration and irradiation exposure were detennined in kiloGrays (kGy) by dosimetry using 
alanine dosimeters, calibrated to nationally or internationally recognized standards, placed 
above and below the samples. These dosimetry standards were prepared by a secondary 
laboratory that, through collaborative studies, has ties to the standards at the National 
Institute of Standards and Technology. 
The samples were placed on a honeycomb pad on the center of a cart. The electron 
beam was scanned at 60 cm. across the cart so the samples were in the center of the scan. 
The linear accelerator was operated at 10 Mev and 6.9 kilowatts, with a mean beam current of 
approximately 692 fiamp. Dosage was varied by varying the cart speed. The samples were 
irradiated at 1, 3, or 10 kGy. Three controls and nine irradiated samples were used for each 
substrate/temperature/dose combination. 
Once the samples were irradiated, they were returned to their coolers and taken to the 
laboratory. The -20° C samples were returned to the freezer, while the others were returned 
to the refrigerator. Virus recovery was begun immediately. 
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Virus recovery 
To recover virus, 40 mi of tiie high antibiotic/antimycotic saline G was added to each 
sample. The bags were blended for 2.S minutes, the contents were decanted into centrifiige 
tubes, and clarified for 20 minutes at 1,000 g. The supernatant fluids were then filtered 
through a 0.45 |im syringe-top filter, and serial lO-fold dilutions were made in the high 
antibiotic/antimycotic saline G. For all the viruses except parvovirus, 96-weII plates of 
confluent cells were inoculated with these dilutions, using 8 weUs/dilution and 100 ^1/well. 
After two hours incubation, wells were aspirated and refed with serum-fi'ee MEM containing 
the high antibiotic/antimycotic combination. Recovery of control and irradiated viruses 
suspended in the saline was treated identically to the meat supemate. Plates were observed 
for C3rtopathic effect (CPE). Titers were calculated by the Spearman-Karber method (Finney, 
1978) and expressed as tissue culture infective dose 50s (the amount of virus needed to infect 
50% of tissue cultures or TCIDjo) and expressed as the logio of the titers. 
Porcine parvovirus does not consistently produce CPE. Also, all parvoviruses require 
rapidly growing and dividing, rather than confluent, cells for replication. Accordingly, a 
hemadsorption technique modified firom Edwards and Thornton (1984) was used. Cells in 
growth medium were inoculated into 96-well round-bottom plates (Costar) one day before 
needed for titration. Parvovirus was recovered and diluted as above. Eighty nl of medium 
were aspirated firom each well and 100 jil of viral dilution were added. Eight wells were used 
for each dilution. After two hours incubation, all wells were aspirated and refed with 200 
{il/well of fi'esh growth medium with the high antibiotic/antimycotic combination. After 
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incubatioa for 7 days, 50 ^ of a 1% suspension of guinea pig red blood cells (RBC), acquired 
from ISU VDL, in PBS was added to each well, and the plates were refrigerated overnight. 
Virus-positive wells gave a shield formation due to hemadsorption of the RBC onto the virus-
infected cells, while negative wells resulted in a button formation. Results were calculated by 
the Spearman-Karber method as above. 
Analysis 
To allow comparison of different viruses, data from each sample set were converted to 
decimal reduction, or Dio, values. The Dio is the irradiation dosage needed to reduce the viral 
titer by one logio titer (International Atomic Energy Agency, 1977) and is calculated by: Dio 
= irradiation dose/[logio control titer - logio treated titer]. 
To allow statistical comparisons, all viral titers were entered into the data set as the 
log of the titers. The response was normalized to adjust for varying initial values by setting 
adjusted responses to equal [logio irradiated titer - logio control titer] for each of the nine 
irradiated samples in every virus/substrate/temperature combination. Regressions were 
calculated over the three irradiation doses for each combination through the general linear 
models procedure of SAS (SAS Institute, Inc., Gary, NC). Dio values were the negative 
inverse of the slopes obtained from the regressions. Ninety-five per cent confidence intervals 
were calculated from the slopes and their standard errors. 
For the pyruvate samples which were irradiated at only one dose, Dio values were 
hand calculated using the formula above (Dio = irradiation dose/[logio control titer - logio 
treated titer]). Comparable Saline G values were calculated in the same manner. The saline 
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and pyruvate Dio values obtained were compared using the Anova fimction of Nficrosoft 
Excel. 
Survival in Processed Meats 
Viruses and cells 
Pseudorabies virus (PRV), Echovirus 7, and Reovirus type 1 were propagated as in 
the storage and irradiation experiments. The same strains were used in this experiment. 
Meat products 
Fresh pork sausage (ingredients; pork, salt, ground black pepper, dextrose, ground 
sage, monosodium glutamate, BHA, and BHT) and 80% lean ground pork were acquired 
from the ISU Meat Laboratory. Frankflirters (ingredients; pork, chicken, water, salt, com 
syrup, flavorings, dextrose, autolyzed yeast, sodiimi phosphate, paprika, sodium erythorbate, 
sodium nitrite) and summer sausage (ingredients; beef and pork, salt, natural spices, dextrose, 
lactic acid starter culture, flavorings, sodium ascorbate, sodium nitrite) were acquired 
commercially. The meat products were thawed, weighed into 9.0 gm aliquots, heat-sealed in 
plastic bags, and frozen until use. 
Product inoculation 
The meat was thawed and inoculated with viruses that had been diluted to 10^ to 10^ 
virions/ml in Puck's saline G (Puck et al., 1958) with the high antibiotic/antimycotic cocktail. 
One ml of each virus suspension, respectively, was added to the 9 gm of meat in the bags, 
heat-sealed, and mixed for 2.5 minutes in a Stomacher 80 Laboratory Blender. Samples were 
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then stored at home reftigerator (4° C) temperatures for 24 hours to allow any interaction 
between the virus and the product to occur, then titered. Six samples were used for each 
virus/product combination. 
Virus recoveiy 
To recover virus, 40 ml of the high antibiotic/antimycotic saline G was added to each 
sample. The bags were blended for 2.5 minutes, the contents were decanted into centrifuge 
tubes, and clarified for 20 minutes at 1,000 g. The supernatant fluids were then filtered 
through a 0.45 ^m syringe-top filter, and serial 10-fold dilutions were made in the high 
antibiotic/antimycotic saline G. Mnety-six-well plates containing confluent cell layers were 
inoculated with these dilutions, using 8 wells/dilution and 100 jil/well. After two hours 
incubation, wells were aspirated and refed with serum-fi'ee MEM containing the high 
antibiotic/antimycotic combination. Plates were observed for CPE. Titers were calculated by 
the Speannan-Karber method as TCIDso-
Analysis 
Titers of the viruses recovered fi"om the meat products, «q>ressed as the logio of the 
titers, were analyzed using the Anova function of MS Excel. Mean titers were calculated as 
geometric means. Ground porie was used as the control substrate, because the storage study 
had shown that these viruses maintained relatively level titers in ground pork for a period of a 
few days. 
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RESULTS 
Survival During Storage 
The survival of each virus was graphed using the logio of the titer on the Y-axis and 
time in weeks on the X-axis. Although the graphs show some titers decreasing to zero, 1.5 
logio was the minimum detectable level due to dilution Actors. Figures 1-9 show PRV, 
adenovirus, echovirus. Coxsackievirus, reovirus, EMC virus, SIV, rotavirus, and HAV, 
respectively. 
The analysis that was made by combining the two temperatures allowed grouping of 
viruses by hardiness, using Duncan's Multiple Range Test with titer as the variable. Of those 
viruses for which there was one replicate per week, PRV and rotavirus were in the least hardy 
group. Echo, Coxsackie, and reoviruses were in the intermediate group, while EMC was in 
the most hardy group. The differences between each group were statistically significant at 
p=0.05. Using the same method for SIV and adenovirus, these two viruses were significantly 
different. From visual comparisons of the means, SIV would be placed with the least hardy 
group, adenovirus with the intermediate group, and HAV with the most hardy group with 
EMC. The differences between titers fi"om the two storage temperatures were significant for 
both groups of viruses, ^pendices 1 and 2 show the analysis results. 
From the graphs of refiigerator temperature (4° C) survival, PRV was the least stable 
and was not detected after two weeks. The other viruses, listed in increasing order of 
hardiness are rotavirus (2 weeks), SIV (3 weeks). Coxsackievirus (7 weeks), adenovirus (8 
weeks), echovirus (10 weeks), EMC (12 weeks), with reovirus and HAV both detectable at 
16 weeks. When half-lives were calculated, PRV was the least stable at 4° C, followed by 
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Figure 1. Logio titer of pseudorabies virus (PRV) during storage. 
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Figure 2. Logio titer of adenovirus during storage. 
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Figure 3. Logio titer of Echovirus 7 during storage. 
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Figure 4. Logio titer of Coxsackievirus B3 during storage. 
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Figure 5. Logio titer of Reovinis type 1 during storage. 
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Figure 6. Logio titer of encephalomyocarditis (EMQ virus during storage. 
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Figure 7. Logio titer of swine influenza virus (SIV) during storage. 
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Figure 8. Logio titer of Rotavirus OSU during storage. 
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Figure 9. Logio titer of hepatitis A virus (HAV) during storage. 
SIV, rotavirus, adenovirus. Coxsackievirus, EMC, echovirus, HAV, and reovirus. See Table 
1. Using the 95% confidence intervals, the viruses can also be grouped into hardiness 
categories. PRV is the lone member of the least hardy group at 4® C, while HAV and reovirus 
are the most hardy at 4° C. The remaining viruses all M into one intermediate hardiness 
group. Slopes and intercepts firom the regressions can be seen in ^pendix 3. 
At fireezer temperatures (-20° C), PRV was again the least durable and was last 
detected at 4 weeks. SIV was next and was last detected at 11 weeks. All other viruses were 
still detected at 16 weeks. HAV was followed at longer intervals for one year and showed 
little loss of titer during that time. Half-lives of these viruses are shown in Table 2. Slopes 
and intercepts fi-om the regressions can be seen in Appendix 4. Hardiness groupings again 
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Table 1. Half-lives of viruses stored at 4® C. 
Virus Half-life in weeks 95% confidence Half-life in days 
PRV 0.16 0.16-0.16 1.12 
srv 0.28 0.18-0.67 1.96 
Rotavirus 0.51 0.32-1.28 3.57 
Adenovirus 0.54 0.42-0.76 3.78 
Coxsackievirus 0.59 0.45-0.86 4.13 
EMC 0.71 0.58-0.92 4.97 
Echovirus 0.74 0.59-0.98 5.18 
HAV 2.33 1.40-7.10 16.31 
Reovirus 3.16 1.97-7.90 22.12 
can be made from the confidence intervals. PRV was the least hardy at -20° C, while 
rotavirus and HAV were so stable at -20° C that half-lives could not be calculated. The 
intermediate group was much less clear: a subgroup of less hardy viruses at -20° C would be 
EMC, SIV, and echovirus, while the more hardy subgroup at -20° C would be SIV, echovinis, 
reovirus. Coxsackievirus, and adenovirus. As can be seen, these subgroups overlap. 
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Table 2. Half-lives of viruses stored at -20° C. 
Virus Half-life in weeks 95% confidence Half-life in days 
PRV 029 0.19-0.55 Io3 
SIV 1.31 0.74-5.68 9.17 
EMC 2.62 1.90^.18 18.34 
Adenovirus 9.47 5.37-40.14 66.29 
Reovirus 16.72** 4.59-oo 117.04 
Coxsackievirus 27.37 5.06-oo 191.59 
Echovirus 40.41 3.66-00 282.87 
Rotavirus * 
HAV * 
* = could not be calculated (slope was +) 
** = calculated without week 0 data 
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Survival Following Irradiation 
Tables 3-8 show the logio TCIDso titers of irradiated and non-irradiated viruses. A 
separate table is used for each substrate/temperature combination. Dio values calculated as 
described in Materials and Methods. The results of the statistical analysis of the irradiation 
data are given in Appendix 5. Initial tables of Dio values are given in Appendbc 6 for viruses 
irradiated in ground pork and in ^pendix 7 for viruses irradiated in Saline G. From these 
appendices. Tables 9-14 were constructed showing infi>rmation for each individual virus. 
Surface dose was used for calculation of the Dio values, since this was the minimum 
absorbed dose. In this configuration, the maximum absorbed dose was calculated to be 1.4 
times the surface dose. 
Table 3. Control and irradiated titers, in TCIDso, of viruses in Saline G at room temperature. 
Virus 1 kGy 3 kGy 10 kGy 
Control Irradiated Control Irradiated Control Irradiated 
PRV 4.67 3.18 6.25 2.88 NA NA 
srv 3.67 3.14 4.04 1.66 6.25 1.86 
Parvo 2.71 2.46 3.75 2.63 3.29 1.61 
Echo 6.00 5.52 6.55 4.92 6.59 2.16 
EMC 5.63 5.18 5.59 3.92 5.92 1.68 
Reo 6.75 5.68 5.92 3.53 6.96 1.68 
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Table 4. Control and irradiated titers, in TCIDso, of viruses in ground pork at room 
temperature. 
Virus IkGy 3 kGy 10 kGy 
Control Irradiated Control Irradiated Control Irradiated 
PRV 4.57 3.79 5.66 4.22 7.04 2.94 
SIV 3.91 3.10 3.54 2.06 6.95 1.84 
Parvo 2.78 2.70 4.07 2.85 6.37 3.02 
Echo 4.87 4.92 4.49 3.76 4.54 2.37 
EMC 4.37 4.19 4.37 3.61 3.74 2.23 
Reo 3.45 3.16 6.04 5.00 7.20 2.79 
Table 5. Control and irradiated titers, in TCIDso, of viruses in Saline G at 4° C. 
Virus 1 kGy 3 kGy 10 kGy 
Control Irradiated Control Irradiated Control Irradiated 
PRV 4.46 3.31 6.13 3.25 NA NA 
SIV 3.67 2.84 3.63 1.72 6.38 1.78 
Parvo 2.67 2.46 3.75 2.42 4.04 1.67 
Echo 6.13 5.39 7.00 5.13 6.75 2.52 
EMC 5.46 4.99 5.54 3.71 5.71 1.80 
Reo 6.38 5.46 6.08 3.50 6.92 1.71 
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Table 6. Control and irradiated titers, in TCIDjo, of viruses in ground pork at 4° C. 
Virus 1 kGy 3kGy 10 kGy 
Control ! bradiated Control Irradiated Control Irradiated 
PRV 3.78 3.01 5.25 3.72 5.49 1.15 
SIV 4.10 3.06 3.29 2.10 7.03 1.89 
Parvo 2.66 2.71 3.49 3.13 6.32 2.72 
Echo 5.16 4.95 4.75 3.97 4.66 2.33 
EMC 4.33 4.54 4.37 3.28 3.91 2.31 
Reo 3.75 3.22 5.99 4.86 7.29 2.77 
Table 7. Control and irradiated titers, in TCIDso, of viruses in Saline G at -20" C. 
Virus 1 kGy 3 kGy 10 kGy 
Control Irradiated Control Irradiated Control Irradiated 
PRV 3.24 2.77 4.92 2.84 NA NA 
srv 2.13 2.07 2.80 1.65 3.96 1.60 
Parvo 2.71 2.52 4.25 2.82 3.54 1.64 
Echo 6.29 5.90 6.96 5.98 6.96 3.21 
EMC 6.00 5.21 5.50 4.49 6.21 2.68 
Reo 6.08 5.10 6.17 4.30 6.96 1.72 
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Table 8. Control and irradiated titers, in TClDso, of viruses in ground pork at -20° C. 
Virus 1 kGy 3 kGy 10 kGy 
Control Irradiated Control Irradiated Control Irradiated 
PRV 3.24 2.77 3.66 2.49 4.41 1.86 
SIV 4.58 4.05 2.80 2.13 4.66 1.96 
Parvo 2.66 2.84 4.07 3.39 6.49 2.80 
Echo 5.29 5.43 5.62 4.76 5.37 3.45 
EMC 4.46 4.33 4.16 3.53 3.74 2.27 
Reo 4.99 4.96 6.12 5.09 7.20 3.07 
Table 9. Dio values and 95% confidence intervals, in kGy, for PRV. 
Temperature Saline Ground Pork 
Room 
4° 
-20° 
1.06 (0.90-1.77) 
1.15(0.96-1.43) 
1.15 (0.97-1.43) 
2.69 (2.45-2.98) 
2.51 (2.31-2.76) 
4.54(3.90-5.43) 
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Table 10. Dio values and 95% confidence intervals, in kGy, for SIV. 
Temperature Saline Ground Pork 
Room 2.55 (2.34-2.81) 2.05 (1.91-2.21) 
4° 2.44(2.24-2.68) 2.07(1.92-2.23) 
-20° 4.27 (3.70-5.04) 3.91 (3.40-4.59) 
Table 11. Dio values and 95% confidence intervals, in kGy, for parvovirus. 
Temperature Saline Ground Pork 
Room 7.24 (5.74-9.78) 2.88 (2.61-3.21) 
4° 4.62(3.96-5.54) 2.38(2.18-2.61) 
-20° 6.34 (5.18-8.21) 2.32 (2.14-2.53) 
Table 12. Dw values and 95% confidence intervals, in kGy, for echovirus. 
Temperature Saline Ground Pork 
Room 2.33 (2.15-2.55) 4.22 (3.67-4.98) 
4° 2.66(2.43-2.95) 4.30(3.73-5.09) 
-20° 2.64 (2.41-2.91) 4.80 (4.09-5.79) 
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Table 13. Dio values and 95% confidence intervals, in kGy, for EMC virus. 
Temperature Saline Ground Pork 
Room 2.46 (2.26-2.70) 7.28 (5.77-9.86) 
4° 2.77(2.52-3.08) 6.29(5.11-8.16) 
-20° 3.14(2.82-3.54) 7.05(5.62-9.43) 
Table 14. Dw values and 95% confidence intervals, in kGy, for reovirus. 
Temperature Saline Ground Pork 
Room 2.21 (2.04-2.40) 2.15 (2.00-2.33) 
4° 2.22 (2.06-2.41) 2.21 (2.04-2.40) 
-20° 2.09(1.94-2.26) 2.23(2.07-2.42) 
As shown in Appendix 8, PRV at room temperature survived at a significantly higher 
titer in saline with pyruvate compared to saline without pyruvate. There was no significant 
difference at 4° C. 
Survival in Processed Meats 
When comparing the fresh ground sausage to the ground pork, all three test viruses 
showed a decrease in titer in the sausage after 24 hours refrigeration. This decrease was 
significant for the PRV and the echovirus but not for the reovirus. See Table 15. However, 
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Table 15. Geometric mean viral titers recovered from sausage vs. pork foUowing 24 hour 
refrigerated storage, witii probability of difference. 
Virus Sausage Pork Probability 
PRV 3.87 4.12 0.007 
Echo 4.76 5.33 0.01 
Reo 4.05 4.26 NS* 
*NS = not significant 
even the largest titer decrease was only 0.57 logw for the echovirus, a relatively small decline 
in titer. 
The mean titers of all three viruses recovered from the franks were significantly higher 
than those from the ground pork. See Table 16. The differences ranged from 0.25 to 0.87 
logio. 
In the summer sausage, the echovirus showed a significantly higher titer compared to 
the ground pork, with a 0.78 logio difference. There was no statistical difference seen with 
the other viruses. See Table 17. 
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Table 16. Geometric mean viral titers recovered from franks vs. pork following 24 hour 
refrigerated storage, with probability of difference. 
\Trus Frank Pork Probability 
PRV 5^49 5!24 0.0004 
Echo 5.32 4.89 0.016 
Reo 6.01 5.14 0.0002 
Table 17. Geometric mean viral titers recovered from summer sausage vs. pork following 24 
hour refrigerated storage, with probability of difference. 
Virus Sum. sausage Pork Probability 
PRV 5!20 5^24 NS* 
Echo 5.47 4.89 0.005 
Reo 5.32 5.14 NS 
*NS = not significant 
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DISCUSSION 
Survival During Storage 
Viral survival at 4° C was studied primarily to contrast with data from survival at -20® 
C. Ideally, meat should be stored at refrigerator temperatures for only a few days to prevent 
spoilage by psychrotrophic bacteria; two weeks is considered the longest practical storage 
time for raw product before spoilage occurs. Even the least hardy virus, PRV, showed little 
decrease in titer for the first two weeks. It is really no surprise to conclude that storage at 
refrigerator temperatures is ineffective in decreasing the numbers of those viruses used in this 
experiment. It was, however, surprising that HAV and reovirus survived for the 16 weeks of 
storage at 4° C. Enzymatic and chemical degradation of the meat proteins during spoilage 
would logically be thought to affect viral capsids also. 
Cliver (1990) stated that neither starter culture nor spoilage bacteria have significant 
antiviral effects. However, Cliver and Herrmann (1972) described the inactivation of human 
enteroviruses, especially Coxsackievirus A9, by various bacteria. This study was of eight 
days' duration. Some of the spoilage changes in the meat were due to visible flmgal growth, 
but psychrotrophic bacteria would also have been involved. The first statement was perhaps 
meant to apply only to the normal holding times of fresh products. 
At freezer temperatures (-20° C), all the viruses except PRV and SIV were detectable 
at 16 weeks, some with little loss of titer. Indeed, HAV was present at 52 weeks with only a 
minor titer drop. This seems to contradict the conventional wisdom that freezer temperatures 
offer inadequate conditions for viral diagnostic specimens. 
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The calculation of half-lives allows the calculation of storage time needed to decrease 
the viral load to below an infectious level. While minimum infectious doses for all the viruses 
used in this eq)eriment were not available, a partial table spears below (Table 18). 
In food processing, the term "bot-cook" is used. This is the time and temperature 
combination needed to process a canned product for assurance that no Clostridium botulinum 
Table 18. Viral minimum infectious doses. 
Virus Dose Species infected Reference 
Herpes 3 TCIDso* Rabbit Sabin® 
Influenza 127-320 TCDDso Human Couch^ Couch^ 
0.6-3 TCIDso Human Alford^ 
Echovirus 919 PFU Himian Schiff' 
Adenovirus 1x10^ PFU* Hamster i^orth' 
Rotavirus IPFU Pig Graham'* 
1 PFU Human Ward' 
* = Virus isolate used was adapted to another species. 
^ Alford et al., 1966 ' EQorthet al., 1988 
^ Couch etal., 1971 Sabin, 1934 
' Couch et al., 1979 ' Schi£fet al., 1984 
* Graham et al., 1987 ' Ward et al., 1986 
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spores remain viable. One assumption that is made for safety reasons is that the number of 
spores that are in the product is two logs greater than what has ever been known to occur 
naturally. If this two-log assumption is added to the starting doses used in this experiment to 
give a titer of 10^ an estimate of storage time needed to make the product safe can be 
calculated, using the minimum doses and the half-lives as shown. For PRV, this would be 
approximately 6 weeks. For influenza, the storage time would be 20 to 31 weeks, depending 
on which study was used for the minimum dose. By using the echovirus dose for EMC, 
coxsackie, and echoviruses, the storage times would be 36, 383, and 565 weeks, respectively. 
These times needed for viral elimination are hardly practical. The rotavirus and HAV were so 
stable that no half-life could be calculated, but it should be safe to assume that their storage 
times would be greater still. 
Alternate freezing and thawing cycles might result in more rapid extinction of these 
viruses. Heidelbaugh and Graves (1968), however, showed an increased survival of foot-and-
mouth disease virus under alternating freeze and thaw conditions compared to untreated meat. 
Freeze/thaw conditions were not modeled, however, since this practice is not done 
commercially and since such a practice would allow the growth of spoilage and pathogenic 
bacteria in the product. 
Survival Following Irradiation 
Irradiation of the parvovirus had to be done on ground bee^ because it could not be 
adequately extracted from groimd pork. With the standard extraction method, there was a 4 
to 5 logio titer loss. Adding add or base to change the pH of the extract is standard 
procedure for eluting viruses from shellfish, but this did not increase the titer of the viral 
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extract. Meat juice collected firom ground pork also inactivated 4 logio of virus. It was 
assumed that the pork contained antibodies to the porcine parvovirus. This is not surprising, 
since the virus is i^ly ubiquitous in some herds, and other herds are vaccinated against it. An 
attempt was made to use bovine parvovirus (acquired firom Dr. Michael Meetz at ISU VDL) 
and canine parvovirus (ATCC VR-953) with ground pork, but neither could be propagated to 
titers high enough for use. The porcine parvovirus could be inoculated onto the ground beef 
and recovered with very little loss. 
There are no data for PRV in saline at 10 kGy irradiation, since no viral survival could 
be demonstrated. By using the Dio value fi'om the 3 kGy data, it can be calculated that a titer 
of at least 10 logio would be needed to be able to demonstrate viral survival post irradiation. 
This is a titer that is impossible to achieve with PRV (Dr. Kenneth Piatt, ISU, personal 
communication). 
The irradiation doses were chosen to range fi'om low to high in regard to what is 
currently approved for meats in the United States. The approved dose for pork, primarily for 
control of Trichinella, is 0.3 to 1.0 kGy. Poultry can be treated at 1.5 to 3.0 kGy (Olson, 
1995), The Oong-awaited) approval for red meats is expected to be up to a maximimi of 7.5 
for fi'ozen meats. For unique situations, such as food for astronauts and for severely 
inmnmocompromised patients, some products are radiation sterilized at doses of 20 to 71 kGy 
(Steele and Engel, 1992). 
To allow comparison of these viruses on the basis of their Dw values. Tables 19 and 
20 were prepared fi'om the data in Tables 3-8 in the Results section, which contain the data 
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for a single virus over all temperatures and substrates. Tables 19 and 20 allow comparison of 
all the viruses under the same conditions. For all viruses, 95% confidence intervals are given. 
If viruses are to be compared on the basis of their Dio values, an expected outcome 
would be that the large, enveloped viruses (PRV and SIV) are the most radiation sensitive, 
while the small non-enveloped viruses (EMC, echo-, and parvoviruses) are the most resistant. 
Reovirus would be expected intermediate between these two groups. Another expectation is 
that the Dio values for irradiation in the fi-ozen state would be higher that for the other two 
temperatures within the same substrate, since fi'ee radicals can not diffuse when firozen. 
Ground meat, since it is approximately three-fourths water, would form fewer fi-ee radicals 
than saline when unfrozen, so Dio values would be expected higher in ground pork. The 
results obtained in this experiment are less clear-cut. 
Substrate and temperature effects on the Dio value for PRV are shown in Table 3. 
The Dio value in ground pork was significantly higher than in saline at all temperatures. In 
ground pork, the Dio value at -20° C was significantly higher than that obtained in the 
unfi'ozen state, while the values for 4° C and room temperature are similar. These are the 
expected results mentioned previously. However, in saline, the Dio values are similar at all 
temperatures. 
Table 4 shows similar effects for SIV. Unexpectedly, the Dw value is higher in saline 
than in pork at each temperature. The expected results were that the Dio values would be 
higher in the ground pork, since it contains fewer water molecules that would form free 
radicals during irradiation. This difference between substrates was significant at room 
temperature and at 4° C. The reasons for these unexpected results are unclear. SIV may be 
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Table 19. Dio values and 95% confidence intervals for viruses irradiated in Saline G. 
Virus Room Temp. 4° C -20° C 
PRV 1.06 (0.90-1.77) 1.15(0.96-1.43) 1.15 (0.97-1.43) 
SIV 2.55(2.34-2.81) 2.44(2.24-2.68) 4.27(3.70-5.04) 
Parvo 7.24(5.74-9.78) 4.62(3.96-5.54) 6.34(5.18-8.21) 
Echo 2.33(2.15-2.55) 2.66(2.43-2.95) 2.64(2.41-2.91) 
EMC 2.46(2.26-2.70) 2.77(2.52-3.08) 3.14(2.82-3.54) 
Reo 2.21(2.04-2.40) 2.22(2.06-2.41) 2.09(1.94-2.26) 
Table 20. Dio values and 95% confidence intervals for viruses irradiated in ground pork. 
Virus Room Temp. 4° C -20° C 
^V 2.69 (2.45-2.98) 2.51 (2.31-2.76) 4.54 (3.90-5.43) 
SrV 2.05(1.91-2.21) 2.07(1.92-2.23) 3.91 (3.40-4.59) 
Parvo 2.88(2.61-3.21) 2.38(2.18-2.61) 2.32(2.14-2.53) 
Echo 4.22(3.67-4.98) 4.30(3.73-5.09) 4.80(4.09-5.79) 
EMC 7.28(5.77-9.86) 6.29(5.11-8.16) 7.05(5.62-9.43) 
Reo 2.15(2.00-2.33) 2.21(2.04-2.40) 2.23(2.07-2.42) 
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less affected by free radicals than a more typical virus, or it may be naturally more stable in the 
buffered saline compared to ground pork. However, for both substrates and as &q>ected, the 
Dio value is significantly higher at -20° C than at the other temperatures. 
The results for parvovirus, shown in Table 5, are even less typical. As with SIV, the 
Dto value is significantly higher for each temperature in saline than in ground pork. In saline, 
the Dio value was significantly less at 4° C than at the other two temperatures. For ground 
pork, the value obtained at room temperature was significantly greater than that for the other 
two temperatures. Expected results would be that the highest Dio value in the frozen product, 
since free radicals cannot diffuse. If a difference would be seen between 4° C and room 
temperature, it would be ^ected that the 4° C sample would have a higher Dio value, since 
free radicals would diffuse &ster and chemical reactions occur faster at higher temperatures. 
Reasons for this unusual behavior of parvovirus are unknown. 
\Wth echovirus (Table 6), the Dw values from ground poric are significantly higher 
than those from saline at all temperatures. In saline, the Die value was significantly less at 
room temperature than at the other two temperatures. There was no difference between the 
values from ground pork. Since the Dio values were not higher in the frozen products, 
echovirus may be less sensitive to free radicals than expected. 
EMC virus (Table 7), like echovirus, showed a significantly higher value in ground 
pork than in saline at each temperature. In saline, all three Dio values are significantly 
different, with that from room temperature the lowest and the -20° C value the highest. As 
with echovirus, there were no differences seen in ground poric. 
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The results for reovirus are in Table 8. No differences were seen between 
temperatures or substrates. These results may indicate that reovirus is relatively resistant to 
free radicals and is equally stable in either substrate. The double-shelled capsid of this viral 
fknily may oq)lain this stability. 
The Dio values and 95% confidence intervals for all viruses in saline G are given in 
Table 19. At room temperature, PRV was significantly the most radiation sensitive. An 
intermediate sensitivity group consisted of (in order) reovirus, echovirus, EMC virus, and 
SIV. Parvovirus was the most radiation resistant. 
At 4° C, PRV was again the most sensitive. The second most sensitive group was 
reovirus and SIV. A third group contained SIV, echovirus, and EMC virus, while parvovirus 
was the most resistant. The Dw values for these viruses at the two unfrozen temperatures 
were very similar for PRV and reovirus, and fairly close for SIV, echovirus, and EMC virus. 
Only for parvovirus did the confidence intervals not overlap. 
In frozen Saline G, PRV was the most sensitive, followed by reovirus. Echovirus and 
EMC virus were in the third most sensitive group. SIV was next with parvovirus being the 
most resistant. The Dio values for PRV, reovirus, and echovirus were similar whether frozen 
or unfrozen. This may indicate that &ctors other than the increased free-radical formation in 
an aqueous environment are involved. SIV had a markedly higher value frozen than unfrozen. 
The results for groimd pork are given in Table 20. At room temperature, SIV and 
reovirus were the most sensitive viruses. PRV and parvovirus make up the second most 
sensitive group. Echovirus was more resistant than either of those two groups, and EMC 
virus was more resistant still. 
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At 4° C in ground pork, the two most radiation sensitive groups overlap. The most 
sensitive group contains, in order, SIV, reovirus, and parvovirus. The next group consists of 
reovirus, parvovirus, and PRV. As with the results at room temperature, echovirus and EMC 
are more resistant than the other viruses and distinctly separate from each other, with EMC 
being more resistant. The Dio values obtained at room temperature and at 4° C are quite 
similar for SIV, reovirus, PRV, and echovirus. The confidence intervals overlap for all 
viruses, although only marginally for parvovirus. 
In frozen ground pork, reovirus and parvovirus were the most sensitive. The 
intermediate group contained SIV and PRV, while EMC virus was the most resistant. 
Echovirus shared characteristics with both the intermediate and the most sensitive groups. 
Since freezing greatly diminishes the effectivity of free radicals in microbial inactivation, the 
Dio values obtained would be expected to be greater than those from unfrozen samples. This 
was seen with SIV and PRV, the only enveloped viruses in the experiment. Parvovirus, 
surprisingly, showed a lower Dio value, although not dramatically different from what was 
seen at 4° C. The remaining three viruses showed similar values, whether frozen or imfrozen. 
Olson (1995) stated that the most important effect of irradiation in reducing microbial 
numbers is the formation of free radicals. The radical formation would be greater in the saline 
than in the pork, which is about 65 to 70 per cent water. Radical formation in the frozen state 
is much less important, since the products formed cannot difiiise away and tend to recombine 
into a non-reactive compoimd. For frozen products and, to a lesser extent for thawed 
products, a direct strike of an electron or photon is needed to cause microbial damage. The 
size of the microbial target, then, becomes of concern. Table 21 shows the ratio of the mean 
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Dio value from Tables 19 and 20 to the viral diameter. To simplify, the Dw values for room 
temperature and 4° C were averaged, since the values were similar for most viruses. The 
viruses are listed by size. 
These rankings should be of most use for the frozen samples, since the effects of direct 
hits are of most importance. For frozen pork, the ranking of most to least sensitive is PRV, 
reovirus, SIV, parvovirus, echovinis, and EMC virus. There is a noticeable difference 
between the first three and the last three. In the frozen saline, the ranking is the same except 
that parvovirus is moved to the most resistant position. Again, there is a difference between 
the first and second halves, although not as dramatic. The change in the ranking of the 
parvovirus from pork to saline would presumably be due to substrate differences. The 
importance of this table is that the Dio values have been adjusted for viral size, which should 
normalize for direct-hit inactivation, and there remain substantial differences between the 
viruses. The composition of the viral genomes does not appear to be the determining factor, 
since the genomes of PRV and parvoviruses are composed of DNA while the others are RNA 
viruses. 
Knight (1975) stated that viruses with single-stranded genomes are roughly ten times 
more sensitive to inactivation by irradiation when compared to double-stranded genomes. 
This is logical, since one break in a single-stranded molecule would result in inactivation. A 
single break in a double strand would be bridged by the complementary strand, allowing 
chance for repair. Table 21 does not seem to indicate that there is such a dramatic difference 
between these viral groups in this experiment, however. The double-stranded viruses (PRV 
and reovirus) are among the most sensitive, while the small single-stranded viruses (echo-, 
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Table 21. Viral diameter and the ratio of Dio value, in kGy, to viral diameter. 
\%us Ave. Dia.* Pork, r.t. &4° Pork, -20° Sal., r.t. & 4° Sal., -20° 
PRV 175 nm 0.015 0.026 0.0063 0.0066 
SIV 105 nm 0.020 0.037 0.024 0.041 
Reovirus 81 nm 0.027 0.028 0.027 0.026 
Echovirus 30 nm 0.142 0.160 0.083 0.088 
EMC virus 30 nm 0.226 0.235 0.087 0.105 
Parvovirus 22 nm 0.120 0.105 0.270 0.288 
* Diameters from Fenner, F., ed. 1986. Medical Virology, Academic Press, N. Y. 
EMC, and parvovirus) are quite resistant. One reason for this trend might be related to the 
structure of these small viruses. Not only are th  ^non-enveloped, but they consist only of a 
capsid with a nucleic acid core. There are no enzymes which could be inactivated by photons 
or by free radicals. 
It is of interest that EMC and echoviruses (Tables 19 and 20) have quite different 
values in ground pork and somewhat different values in saline, even though th  ^are the same 
size and are both members of the same viral &mily, Picomaviridae. Other members of interest 
in this family include human hepatitis A virus, foot-and-mouth disease virus, and swine 
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vesicular disease virus. These results seem to indicate that it may be as risl  ^to extrapolate 
Dio values from other, related viruses to estimate values even in the same substrate, much less 
from different substrates. 
Because of this, it is difBcult to compare the data from this study with previous ones. 
While this study used a buffered saline for the aqueous substrate, others used either water or 
culture medium, which contained buffers and FBS, a radical scavenger. Data from this study 
consistently fell between those of the others when comparing similar viruses. For example, 
Sullivan et al.(197Ib) irradiated thirty viruses suspended in either distilled water or culture 
medium with 2% fetal bovine serum (FBS) as a radical scavenger. Irradiation was done at 
0.5° C. Th  ^reported the Dio value (in kGy) for echovirus as 1.4 in distilled water and 4.3 in 
culture medium. The Dio value from this experiment with echovirus in saline at 4° C was 
2.66. For influenzavirus, their values were 1.0 in distilled water and 4.9 in culture medium; in 
saline, this experiment gave 2.44. They obtained values for herpes simplex virus in the culture 
medium of0.39, 0.46, and 0.42; the closely related PRV in saline was 1.15 in this experiment. 
Reovirus type 1 was used by both experiments. Its Dio value in culture medium was 4.4, 
while in saline in this experiment, it was 2.22. It appears that the saline with its buffers offers 
slight protection from free radicals but not nearly as much as the 2% FBS. 
Thomas et al.(198I) irradiated a number of viruses in cell culture media, but there was 
no mention if FBS was present. The temperature was not specified, but it appears to have 
been at room temperature. They found Di© values of 4.0 for porcine parvovirus, <2.0 for 
PRV, and 2.8 and 5.5 for Teschen virus and swine vesicular disease virus, which are two 
swine enteroviruses. This experiment gave Dio values in liquid saline as 7.24 for parvovirus. 
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1.06 for PRV, and 2.33 for echovirus, a human enterovirus. The close agreement of Dw 
values for the echovirus and PRV between the Thomas et al. experiment and this may indicate 
that they did not use FBS in their media. 
Comparisons of studies of irradiation of viruses in meat substrates are also somewhat 
di£5cult to make. McVicar et al. (1982) determined that 20 kGy would inactivate Afiican 
swine fever virus in natmally infected pig tissues. The initial titer of virus in the tissues was 
10  ^® to 10  ^' hemadsorption units per gram (HAdso /g). Infectivity was determined by 
inoculation of susceptible pigs. Baldelli et al. (1985) recommended 20 kGy to inactivate foot-
and-mouth disease virus in the blood of infected pigs. Dio values were not reported from 
either experiment. 
Girolamo et al. (1972) reported a Dio value of 4.0 kGy in fresh oysters naturally 
infected with poliovirus and irradiated at room temperature. This was quite similar to the 4.22 
value from this study for echovirus, a related virus, in fresh pork. Mallett et al. (1991), using 
unfrozen shellfish and probably irradiating at room temperature, reported a value of 2.4 kGy 
for rotavirus. Data from this study for reovirus, a similar-sized and related virus, showed a 
value of 2.15 kGy for fresh pork at room temperature. 
In the two studies by Sullivan et al. (1971a, 1973) with ground beef  ^Dio values were 
6.5 kGy for Coxsackievirus A9 in fresh product and, for Coxsackievirus B2, 7.0-7.6 kGy in 
fresh product, 6.8-7.5 kGy in frozen raw product, and 6.8-8.1 kGy in frozen cooked product. 
In this experiment, echovirus, a member of the same genus as Coxsackievirus, had values of 
4.22 kGy in fresh product at room temperature and 4.30 kGy at 4° C. The frozen value was 
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4.80 kGy. This shows a fairly large difference in values between the two viruses. Whether it 
is due to differences in viruses, in substrates, or both remains unclear. 
Lasta et al. (1992) studied the combination of heat, irradiation, and curing on the 
survival of foot-and-mouth virus in meat. Viral survival was detomined in both cell culture 
and by mouse inoculation. They found that heat and irradiation interacted either additively or 
synergisticaUy and that the interaction was statistically significant. Pirtle et al. (1997) did a 
similar experiment using adenovirus, echovirus, EMC virus, and PRV in ground pork, with 
viral survival determined in cell culture. No interactions between heat and irradiation were 
seen. 
At room temperature, there was a significant difference between the Dio values of 
PRV in saline compared to PRV in saline with pyruvate. This does confirm the importance of 
firee radicals in viral inactivation. It also emphasizes the different results that can be obtained 
firom different substrates. However, there was no difference at 4° C. Perhaps, at this 
temperature, the chemical reactions are slowed enough that this experiment was not 
adequately sensitive to detect a difference. It appears that the ideal method for determining 
useable Dio values is to irradiate samples of each and eveiy virus/substrate combination. 
Previous research, primarily using dosages higher than 10 kGy, have shown (Baldelli 
et al., 1985; McVicar et al., 1982) unequivocally that irradiation is effective in eliminating 
viruses firom meats and other foods. However, if a titer of lO' is again assumed to be the 
likely maximum viral contamination, only herpesviruses can be eliminated by irradiation at 
doses up to 10 kGy. For the other viruses, numbers were decreased markedly by 10 kGy, but 
not eliminated, ^th many of these viruses, the remaining titers approached the minimum 
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infectious titers shown in Table 18. However, this experiment used fresh meat as the 
substrate. Raw meats should be cooked prior to consumption, and cooking is very effective in 
viral elimination, thus adding a further level of safety. 
To highlight the drawback to the irradiation of viruses at levels designed for bacteria. 
Table 22 was created. Irradiation at 7.5 kGy, the expected mayimiim level to be allowed for 
red meat, was used in the calculations. Dio values for viruses in pork at 4° C and -20° C were 
used to calculate the maximum logio titer that could be reduced to a "safe" logio titer, defined 
as 0.5 logio less than the minimum infectious doses in Table 18. For SIV, two ranges are 
given in Table 18. The values in Table 22 were calculated from the higher range; if the lower 
range was used, the maximum logio titers would be 3.60 at 4° C and 1.90 at -20° C. 
If a titer of 7 logic is again assumed as the mayimnm expected amount of 
contaminants, none of these viruses at that level will be eliminated by 7.5 kGy. This maximum 
level was estimated from an enteric infection producing lO' virions/ml, with less than one drop 
(50 |il containing 5x10  ^virions) contaminating the sample. Whether this maximum level 
coupled with the definition of "safe" level (0.5 logio less than the minimum infectious dose) 
gives adequate assurance of protection may be debatable. A larger difference between 
minimum infectious dose and the "safe" level may be advisable. 
78 
Table 22. Maxinium logio titer of viruses in ground poilc that 7.5 kGy irradiation will 
decrease to a "safe" level (0.5 logio below minimum infectious dose). 
Virus "Safe" logio titer Po  ^at 4° C Pork at -20® C 
PRV -0.02  ^ 2.97 1.63 
SIV 1.60' 5.22 3.52 
Parvo 1.50  ^ 4.65 4.73 
Echo 2.46' 4.20 4.02 
EMC 2.46  ^ 3.65 3.52 
Reo -0.50' 2.89 2.86 
' Minimum infectious doses from Table 18. 
 ^ Dose for porcine parvovirus from Paul and Mengling, 1984. 
 ^ Dose used was for echovirus from Table 18. 
Survival in Processed Meats 
Ground pork was chosen as the control for this experiment, since survival 
characteristics of viruses had been determined in the storage experiments. Even PRV, the 
least hardy of the viruses studied, showed only moderate titer loss in groimd pork in the first 
week. Any differences from ground pork in the survival of the viruses in the processed 
products should be related to the differences that processing produces in the product. 
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Lower titers were recovered from the fresh sausage than from the ground pork, 
although the differences were not significant for the reovirus. These results are somewhat 
surprising, since the additives to the sausage (salt, spices, sugar, MSG, BHA, and BHT) are 
not known to have antiviral properties when used at these moderate levels. It is possible that 
PRV, which is an enveloped virus, may have been affected by these additives osmotically, but 
it is less likely that the other two viruses were. The decrease in viral titers, while statistically 
significant for the PRV and echovirus, was not in itself enough to increase consumer safety, 
since the infectious dose for human enteric viruses is generally quite low (Cliver, 1983). (See 
also Table 8). However, raw sausage is cooked before consumption. A safe product can be 
assured by adequate cooking and the prevention of recontamination after cooking. 
The viral contaminants of the summer sausage and the franks survived at the same or 
at higher titers than in the ground pork. While processing can probably be relied upon to 
inactivate viruses in the original meat products, either through heating in franks or fermenting 
and heating in summer sausage, the changes in these products due to processing were not 
shown to be viricidal in this ®q)eriment. While nitrite has antibacterial properties, it appears 
that it has little or no antiviral effects at the levels used, since viral survival in those products 
with added nitrite was equal to or greater than survival in those without. Attention to 
handling and packaging post processing will continue to be important control points to 
prevent contamination. This is especially true for summer sausage, which is eaten without 
fiirther modification. 
Franks are generally warmed, often in the microwave, if not cooked, prior to eating. 
This may be of some benefit, since Mishu et al. (1990) showed that microwaving was helpful 
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in inactivating hepatitis A viius and that the effect appeared to be greater than oqiected from 
the temperature increase alone. Thorough cooking would, of course, result in safe products. 
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CONCXUSIONS 
Survival During Storage 
Although home freezer temperatures (-20® C) are considered the worst possible 
storage condition for survival of viruses in diagnostic specimens, viral inactivation by storage 
conditions was not seen in these experiments. When viruses were inoculated onto ground 
pork and stored at refrigerator temperature (4® C), most viruses were viable long after the 
meat would be discarded due to spoilage. At freezer temperatures, many viruses were 
extremely hardy. Hepatitis A virus survived one year in the freezer with little loss in titer. 
Even for those that were inactivated by freezer storage, the time needed for total elimination 
rendered this method impractical. 
Survival FoUowing Irradiation 
Viral contaminants in foods can be eliminated by irradiation. However, viruses are 
substantially smaller targets than bacteria, so a correspondingly larger dosage is needed for 
inactivation. Currently approved dosages lower viral numbers but will not inactivate all of the 
viruses present in foods, unless the viral numbers are quite low. 
This study and others show that it is very important to study those viruses and foods 
for which irradiation is being considered. Other substrates and different, although even quite 
similar, viruses might show different sensitivity to irradiation, making extrapolation of Dw 
values from one virus to another potentially difficult. 
Survival in Processed Meats 
Processing has been shown to adequately inactivate even the most durable of viruses. 
This study has shown that if products are contaminated with viruses post processing, the 
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changes that processing induces in the products will not be ^ fective in inactivating the 
viruses. For those products that are to be eaten without further cooking or processing, this 
becomes critically important. Attention to sanitation and post processing handling should be a 
control point in the production of safe foods. 
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APPENDIX 1. STATISTICAL ANALYSIS OF COXSACKIE, EMC, ECHO, 
PSEUDORABIES, REO, AND ROTAVIRUSES DURING STORAGE BY GENERAL 
LINEAR MODELS PROCEDURE. 
Source DF Sum Squares Mean Square F value Pr>F 
Model 105 307.994288 2.933279 13.90 0.0001 
Error 48 10.126617 0.210971 
Corr. Total 153 318.120905 
Dependent variable was log titer. R-Square = 0.968167. 
Source DF Type in SS Mean Square F Value Pr>F 
Virus 5 89.0031162 17.8006232 84.37 0.0001 
Temp 1 78.6863450 78.6863450 372.97 0.0001 
Time 16 45.2017445 2.8251090 13.39 0.0001 
Virus*Temp 5 0.9921724 0.1984345 0.94 0.4635 
Virus*Time 62 35.9363835 0.5796191 2.75 0.0002 
Time*Temp 16 26.9774904 1.6860932 7.99 0.0001 
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Duncan's Multiple Range Test for variable = log titer. Means with the same letter are not 
significantly dififerent. 
Duncan grouping Mean N Virus 
A 5.8808 20 EMC 
B 4.3850 34 Echo 
B 4.2853 29 Coxsackie 
B 4.2185 34 Reo 
C 3.5279 12 PRV 
C 3.3280 25 Rota 
Duncan's Multiple Range Test for variable = log titer. Means with the same letter are not 
significantly dififerent. 
Duncan grouping Mean N Temp 
A 4.96387 84 -20° C 
B 3.47114 70 4°C 
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APPENDIX 2. STATISTICAL ANALYSIS OF ADENO AND SWINE INFLUENZA 
VIRUSES DURING STORAGE BY GENERAL LINEAR MODELS PROCEDURE. 
Source DF Sum Squares Mean Square F value Pr>F 
Model 46 189.175998 4.112522 52.39 0.0001 
Error 89 6.986937 0.078505 
Corr. Total 135 196.162935 
Dependent variable was log titer. R-Sqiiare = 0.964382. 
Source DF Type in SS Mean Square F Value Pr>F 
Virus 1 58.5815277 58.5815277 746.21 0.0001 
Temp 1 48.0469285 48.0469285 612.02 0.0001 
Time 16 62.4235041 3.9014690 49.70 0.0001 
VTnis*Temp 1 0.0124031 0.0124031 0.16 0.6920 
Virus*Time 12 14.8493699 1.2374475 15.76 0.0001 
Time*Temp 10 24.8194874 2.4819487 31.62 0.0001 
Virus*Time* 5 1.0313490 0.2062698 2.63 0.0290 
Temp 
86 
Duncan's Multiple Range Test for variable = log titer. Means with the same letter are not 
significantly different. 
Duncan grouping Mean N Virus 
A 4.71060 84 Adeno 
B 3.66856 52 SIV 
Duncan's Multiple Range Test for variable = log titer. Means with the same letter are not 
significantly different. 
Duncan grouping Mean N Temp 
A 4.73335 85 -20° C 
B 3.61020 51 4°C 
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APPENDIX 3. SLOPES (IN WEEKS) A>ro INTERCEPTS FROM REGRESSION FOR 
VIRUSES STORED AT 4° C. 
Virus Slope Intercept 
PRV -1.875 6.38 
SIV -1.069 5.45 
Rota -0.591 3.24 
Adeno -0.558 6.18 
Coxsackie -0.506 5.49 
EMC -0.424 7.53 
Echo -0.407 5.93 
HAV -0.129 5.00 
Reo -0.095 4.00 
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APPENDIX 4. SLOPES (IN WEEKS) AND INTERCEPTS FROM REGRESSION FOR 
VIRUSES STORED AT -20° C. 
Virus Slope Intercept 
PRV -L047 5.97 
SIV -0.230 5.02 
EMC -0.115 7.24 
Adeno -0.032 5.59 
Reo -0.018 5.44 
Coxsackie -0.011 5.12 
Echo -0.007 5.46 
Rota +0-036 3.47 
HAV +0.013 4.13 
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APPENDIX 5. STATISTICAL ANALYSIS OF IRRADIATION DATA BY GENERAL 
LINEAR MODELS PROCEDURE. 
Source DP Sum Squares Mean Square F Value Pr>F 
Model 71 2086.54218 29.38792 217.87 0.0001 
Error 867 116.94807 0.13489 
Corr. Total 938 2203.49025 
R-Square = 0.946926. 
Source DP Type HI SS Mean Square F Value Pr > F 
Virus 5 4.981230 0.996246 7J9 0.0001 
Substr 1 10.938984 10.938984 81.10 0.0001 
Virus^Substr 5 12.125217 2.425043 17.98 0.0001 
Temp 2 3.680828 1.840414 13.64 0.0001 
Virus*Temp 10 3.475957 0.347596 2.58 0.0045 
Substr»Temp 2 1.083895 0.541947 4.02 0.0183 
Virus^Substr 10 3.638180 0.363818 2.70 0.0029 
*Temp 
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Slopes and standard errors for each virus/temperature combination in ground pork. 
\^rus/temperature Slope Std. Error 
PRV, room -0.37145937 0.01831783 
PRV, 4° C 
-0.39784411 0.01831783 
PRV, -20° C 
-0.22031512 0.01838390 
SIV, room -0.48884743 0.01831783 
SIV,4°C 
-0.48360697 0.01831783 
SIV, -20° C 
-0.25595000 0.01935690 
Parvo, room -0.34737148 0.01831783 
Parvo, 4° C 
-0.42082817 0.01903033 
Parvo, -20° C 
-0.43074627 0.01831783 
Echo, room -0.23673300 0.01831783 
Echo, 4° C 
-0.23234660 0.01831783 
Echo, -20° C 
-0.20848259 0.01831783 
EMC, room -0.13727197 0.01831783 
EMC, 4° C 
-0.15907523 0.01864445 
EMC, -20° C 
-0.14190713 0.01831783 
Reo, room -0.46452736 0.01831783 
Reo,4°C 
-0.45325041 0.01831783 
Reo, -20° C 
-0.44827529 0.01831783 
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Slopes and standard errors for each virus/temperature combination in Saline G. 
Virus/temperature Slope Std. Error 
PRV, room -0.94333333 0.08656667 
PRV, 4° C 
-0.86833333 0.08656667 
PRV, -20° C -0.86666667 0.08656667 
SrV, room -0.39162521 0.01831783 
SIV, C -0.40960199 0.01831783 
SJV, -20° C -0.23437811 0.01831783 
Parvo, room -0.13816750 0.01831783 
Parvo, 4° C -0.21640133 0.01831783 
Parvo, -20° C -0.15762852 0.01831783 
Echo, room -0.42839967 0.01831783 
Echo, 4° C -0.37540630 0.01831783 
Echo, -20° C -0.37937811 0.01831783 
EMC, room -0.40689055 0.01831783 
EMC, 4° C 
-0.36048922 0.01831783 
EMC, -20° C -0.31860697 0.01831783 
Reo, room -0.45337479 0.01831783 
Reo, 4° C -0.45053068 0.01831783 
Reo, -20° C -0.47867688 0.01838390 
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APPENDIX 6. Dio VALUES AND 95% CONFIDENCE INTERVALS FOR VIRUSES 
IRRADIATED EST GROUND PORK 
\%us and temperature D-value, in kGy 95% conf. interval, in kGy 
PRV, Room 2.69 2.45-2.98 
PRV, 4° C 2.51 2.31-2.76 
PRV, -20° C 4.54 3.90-5.43 
SIV, Room 2.05 1.91-2.21 
SIV, 4° C 2.07 1.92-2.23 
SIV, -20® C 3.91 3.40-4.59 
Parvo, Room 2.88 2.61-3.21 
Parvo, 4° C 2.38 2.18-2.61 
Parvo, -20® C 2.32 2.14-2.53 
Echo, Room 4.22 3.67-4.98 
Echo, 4® C 4.30 3.73-5.09 
Echo, -20® C 4.80 4.09-5.79 
EMC, Room 7.28 5.77-9.86 
EMC, 4® C 6.29 5.11-8.16 
EMC, -20® C 7.05 5.62-9.43 
Reo, Room 2.15 2.00-2.33 
Reo, 4® C 2.21 2.04-2.40 
Reo, -20® C 2.23 2.07-2.42 
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APPENDIX 7. Dio VALUES AND 95% CONFIDENCE INTERVALS FOR VIRUSES 
IRRADIATED IN SALINE G. 
Virus and temperature D-value, in kGy 95% conf. interval, in kGy 
PRV, Room 1.06 0.90-1.77 
PRV, 4° C L15 0.96-1.43 
PRV, -20° C L15 0.97-1.43 
SrV, Room 2.55 2.34-2.81 
SIV, 4° C 2-44 2.24-2.68 
SIV, -20° C 4.27 3.70-5.04 
Parvo, Room 7.24 5.74-9.78 
Parvo, 4° C 4.62 3.96-5.54 
Parvo, -20° C 6.34 5.18-8.21 
Echo, Room 2.33 2.15-2.55 
Echo, 4° C 2.66 2.43-2.95 
Echo, -20° C 2.64 2.41-2.91 
EMC, Room 2.46 2.26-2.70 
EMC, 4° C 2.77 2.52-3.08 
EMC, -20° C 3.14 2.82-3.54 
Reo, Room 2.21 2.04-2.40 
Reo, 4° C 2.22 2.06-2.41 
Reo, -20° C 2.09 1.94-2.26 
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APPENDIX 8. STATISTICAL ANALYSIS OF IRRADIATION OF PRV IN SALINE AND 
PYRUVATE BY ANOVA. 
Irradiation at 3 kGy and room temperature. 
Summary 
Substrate Nimiber Average Variance 
Saline 9 0.904444 0.003028 
Pyruvate 9 1.253333 0.009875 
Anova 
Source DF Sum Sqiiares Mean Square F Value Pr > F 
Between 1 0.547756 0.547756 84.90506 8.47x10-' 
groups 
\^ithin 16 0.103222 0.006451 
groups 
Corr. Total 17 0.650978 
95 
Irradiation at 3 kGy and 4° C. 
Summary 
Substrate Niraiber Average Variance 
Saline 9 1.063333 0.01465 
Pyruvate 9 1.081111 0.008861 
Anova 
Source DF Sum Squares Mean Square F Value Pr > F 
Between 1 0.001422 0.001422 0.120983 0.732505 
groups 
Within 16 0.188089 0.011756 
groups 
Corr. Total 17 0.189511 
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